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Abstract

TRANSIENT CAMK-II ACTIVATION IS
ASYMMETRY IN THE ZEBRAFISH EMBRYO

NECESSARY

FOR

LEFT-RIGHT

By Ludmila Francescatto, B.S.
A dissertation submitted in partial fulfillment of the requirements for the degree of the
Doctor of Philosophy at Virginia Commonwealth University
Virginia Commonwealth University, 2012
Robert Tombes, Ph.D.
Professor of Biology

Despite external bilateral symmetry, the internal organs of vertebrates are
asymmetrically arranged. The development of Left-Right (LR) asymmetry is dependent
on the activity of a ciliated organ known as the Kupffer’s vesicle (KV) or the embryonic
node, in zebrafish and mouse, respectively. Cilia beating within the KV are essential to
generate a counterclockwise flow of fluid, which leads to left-sided Ca2+ elevation. Ca2+
is a crucial morphogenic second messenger during vertebrate development. Ca2+
elevation activates targets, such as CaMK-II, which is also known as the multifunctional
Ca2+/calmodulin-dependent protein kinase. Studies have linked CaMK-II to secretion
(mediated through synapsin I) and to bipolar spindle formation in mammalian cells,

xv

among other cellular functions.
In mammals, CaMK-II is encoded by four genes: α, β, δ, and γ. In zebrafish, like
other teleost fish, gene duplication has yielded eight genes (α, αKAP, β1, β2, δ1, δ2, γ1,
and γ2), which are transcriptionally active during the first 72 hours post fertilization (hpf).
This dissertation has demonstrated that suppression of at least three of these CaMK-II
genes disrupts proper LR-axis formation. In particular, knockdown of γ1 and αKAP
CaMK-II dramatically affects southpaw (spaw) expression in the Lateral Plate
Mesoderm (LPM). Interestingly, activated CaMK-II (P-CaMK-II) appears transiently in
cells on the left side of the KV following Ca2+ elevation, and prior to spaw expression in
the LPM. These findings indicate a role for CaMK-II in the processing or secretion of
Spaw to the left LPM. In addition, cilia length and number are diminished in all three
morphants, suggesting a role for CaMK-II in the process of ciliogenesis. CaMK-II is a
binding partner of Kif2C, a Kinesin 13 member. Kinesin 13 members control flagellar
length in Chlamydomonas, the blue-green algae and protists. The roles of Kif2C in
zebrafish have never been explored, but could potentially explain cilia shortening seen
in CaMK-II morphants. Zebrafish has served as an excellent model organism for the
determination of the relative contributions of calcium signaling CaMK-II and Kif2C to the
cellular

and

molecular

mechanisms

of

LR-axis

formation.
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Chapter 1: Background

LEFT/RIGHT ASYMMETRY EXTABLISHMENT IN ANIMALS

Although human beings appear bilaterally symmetrical from the outside, our
internal organs are positioned in an asymmetrical manner. Laterality disorders, also
known as heterotaxia, arise from congenital mis-positioning of one or more internal
organs across the left-right (LR) axis. Heterotaxia may dramatically affect the survival
and growth of an organism due to organ anomalies. Vertebrates normally have some
paired and unpaired organs and therefore demonstrate chirality with respect to the
visceral arrangement. The normal positioning of internal organs is referred to as situs
solitus, while the complete inversion is further called situs inversus (Fig. 1) (Fakhro et
al., 2011; Francis, Christopher, Devine, Ostrowski, & Lo, 2012; Icardo, García Rincón, &
Ros, 2002). Human laterality disorders occur once in every 8000-10000 newborns
(Maclean & Dunwoodie, 2004; Peeters & Devriendt, 2006). Consistent asymmetry of
internal organs is not only a process found in vertebrates, but is also a phenomenon
seen in some invertebrates such as sea urchins, snails, C. elegans, and Drosophila
(Spéder, Petzoldt, Suzanne, & Noselli, 2007). Several genes have been associated with
the LR axis determination in zebrafish, mouse, chick and frogs (Spéder et al., 2007).
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In particular, these genes include those responsible for components of the ciliary
complex or machinery, and genes involved in the Nodal-signaling pathway. In contrast,
in humans, only a few genes have been associated with human laterality defects,
including ZIC3, LEFTB, ACVR2B and CFC1, DNAI1, DNAH5, NODAL, among others
(Peeters & Devriendt, 2006).
The establishment of proper axial asymmetry requires crucial developmental,
molecular and genetic events (N. A. Brown & Wolpert, 1990; Raya & Belmonte, 2006).
The initial events that lead to LR asymmetry remain an active topic among researchers.
It is thought that an already-present anterior/posterior and dorsal/ventral axis is needed
in order to develop the LR axis (N. A. Brown & Wolpert, 1990). The first step to establish
LR symmetry varies among different model organisms studied in the laboratory.
Although vertebrates have been the predominant models studied to understand left-right
asymmetry patterning, invertebrate systems offer significant insights in this intriguing
topic of developmental biology (Spéder et al., 2007).

Asymmetry in Invertebrates
Only in the past few years, invertebrate, such as the fruit fly, snails, and
nematodes, have become valuable model systems to study left-right asymmetry
establishment (Okumura et al., 2008; Spéder et al., 2007; Vandenberg & Levin, 2010).
While vertebrates have distinct asymmetric positioning of organs such as the heart and
lung, invertebrates lack this asymmetry. For example, Drosophila has a linear heart tube
as opposed to the complex vertebrate heart. Although invertebrates have conserved
nodal expression, the mechanism that leads to its expression is not conserved among
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vertebrates. Therefore, vertebrates will be the focus of this chapter.

Asymmetry in Vertebrates
In vertebrate embryos, it is thought that an already-present anterior/posterior and
dorsal/ventral axis is needed in order to develop the LR axis (N. A. Brown & Wolpert,
1990; Raya & Belmonte, 2006; Spéder et al., 2007). In the chick embryo, asymmetry is
first observed on the left side of the primitive streak before Hensen’s node formation.
This variation in the chick model is thought to be attributed to a difference in the
membrane potential due to H+/K+-ATPase expression, which may induce transport of
small molecules specifically on one side of the primitive streak (Burdine & Schier, 2000;
Schlueter & Brand, 2007). In Xenopus, LR asymmetry is first observed during the twocell stage of development (Vandenberg & Levin, 2010). Distinct to other vertebrate
model organism, such as mouse and fish, studies in chick and Xenopus embryos
suggests that a divergent mechanism to establish LR axis have been adopted
throughout evolution.
Extensive research has provided evidence that the initial step for asymmetry in
mouse and zebrafish occurs after gastrulation (developmental stage in which all three
layers are formed: endoderm, mesoderm, and ectoderm) in a transient embryonic organ
called the embryonic node or Kupffer’s vesicle, respectively (Essner, 2005; Hirokawa,
Tanaka, Okada, & Takeda, 2006; Kramer-Zucker, 2005; J. D. Lee & Anderson, 2008;
Okada, Takeda, Tanaka, Izpisúa Belmonte, & Hirokawa, 2005). The function of both the
mouse embryonic node and the zebrafish KV depend on fluid flow driven by cilia
(Buceta et al., 2005; Essner, 2005).
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Cilia are antennae-like structures that emanate from the cell surface and are
essential in a variety of biological and physiological processes. Several mutations that
have been linked to ciliary defects in humans also occur in mice, and most importantly,
in zebrafish (Bergmann, 2012; Eggenschwiler & Anderson, 2007). Although most cells
have a primary cilium, some are exempted from this organelle: epithelia lining the
gastrointestinal tract, certain non-ciliated lung cells, and T lymphocytes (Avasthi &
Marshall, 2011). Cilia and cell division share a crucial organelle, the centriole. The
primary cilium is assembled during the G0/G1 phase of the cell cycle (Jackson, 2011).
During cell division, the centriole is used to nucleate the spindle microtubules (Jackson,
2011). However, once cells exit from the cell cycle, the centriole docks at the cell
membrane and becomes the basal body, which nucleates the cilium. The cilium
eventually undergoes resorption upon cell division cues and re-entry into the cell cycle.
Cilia are composed of an array of nine microtubule doublets that protrude from the basal
body (S. Huang, Hirota, & Sawamoto, 2009b). Contrary to the assumption that motile
cilia are always composed of 9 outer doublet and 2 central singlet microtubules, cilia
can be classified as motile and non-motile, independent of the number of central singlet
microtubules (Eggenschwiler & Anderson, 2007; Essner, 2005; Essner et al., 2002).
The mouse embryonic node is composed of motile and non-motile 9+0 monocilia
(Buceta et al., 2005; Tabin, 2003). On the other hand, KV cells have an array of 9+2
cilia (Essner, 2005; Okabe, Xu, & Burdine, 2008). Cilia within the KV and node beat and
through their beating, generate a counterclockwise flow of fluid (Kramer-Zucker, 2005).
In zebrafish, the KV is a transient organ that develops at the posterior end of the tailbud
at the 1-4 somite stage (ss) and disintegrates at approximately 18 ss (Cooper &
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D'Amico, 1996; Oteiza, Koppen, Concha, & Heisenberg, 2008). The KV is derived from
a group of cells called dorsal forerunner cells (DFCs) (Cooper & D'Amico, 1996). DFCs
do not involute during gastrulation and remain at the leading edge until they aggregate
to form the KV at the bud stage (Cooper & D'Amico, 1996; Oteiza et al., 2008). Unlike
the mouse node, the KV is an enclosed vesicle, lined by epithelial cells (Essner, 2005;
Okabe et al., 2008). Several genes have been implicated in KV morphogenesis. Ca2+
elevation has also been reported in the region where DFCs originate and it has been
shown to be necessary for the proper formation of this vesicle (I. Schneider, Houston,
Rebagliati, & Slusarski, 2007).
The number of cells comprising the KV can vary tremendously. Each KV cell
contains a single cilium (Essner, 2005; Okabe et al., 2008). KV cilia are motile and
produce a counterclockwise flow of fluid, similar to ciliated cells in the mouse node
(Kramer-Zucker, 2005; J. D. Lee & Anderson, 2008; Okabe et al., 2008). Detailed
analysis of the KV has also revealed a higher concentration of cilia at the anterior region
compared to the posterior region (Okabe et al., 2008). This difference is thought to
increase the rate of counterclockwise flow of fluid (Okabe et al., 2008). Because KV cell
number and cilia number vary between each embryo, it is not known how many cilia are
necessary for proper KV function. It is well known, however, that KV and cilia formation
are critical for the establishment of the LR axis.
Recent studies have shown that fluid flow is not only dependent on the structure
and motility of cilia but also on their position within the cell (Borovina, Superina, Voskas,
& Ciruna, 2010; Santos & Reiter, 2010; Song et al., 2010). Cilia orientation, in turn, is a
reflection of basal body positioning. To produce a rotational motion, KV or nodal cilia
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must be located in the posterior end of the cell and be angled (tilted) posteriorly
(Borovina et al., 2010; Song et al., 2010). There is evidence that the planar cell polarity
(PCP) pathway regulates ciliary tilting (Santos & Reiter, 2010). In fact, mutations of core
PCP proteins, notably Vangl2, have been linked to defects in organ laterality in mice
and zebrafish embryos (Borovina et al., 2010; Santos & Reiter, 2010; Song et al., 2010).
Cilia formation and function, KV or node formation, and flow of fluid, are all
critical components to establish proper left-right asymmetry (Buceta et al., 2005;
Essner, 2005; Kramer-Zucker, 2005; J. D. Lee & Anderson, 2008; Okabe et al., 2008;
Okada et al., 2005; Shiratori, 2006). Once asymmetry is generated around the node,
this information is propagated to the left side of the Lateral Plate Mesoderm (LPM)
through activation of the Nodal pathway, and eventually recognized by the organ
primordia, which will then form asymmetrically (Hirokawa et al., 2006; Peeters &
Devriendt, 2006; Schlueter & Brand, 2007). Although, there is a common agreement
that this flow may affect the gradient of molecular messengers differentially in the
embryos, there are different views regarding how information from the flow influences
Nodal expression around the KV and in the LPM. The first view, a “chemical model,”
suggests the transport of particles/molecules also known as Nodal Vesicular Parcels
(NVPs), present in the nodal fluid, towards the left-side of the node (Hirokawa et al.,
2006; Norris, 2005; Raya & Belmonte, 2006; Y. Tanaka, Okada, & Hirokawa, 2005).
These particles secrete their contents and create a Ca2+ elevation (Hirokawa et al.,
2006; Hirokawa, Tanaka, & Okada, 2009; Y. Tanaka et al., 2005). The second view, the
“two cilia model,” supported by many studies, has given evidence for the presence of
motile and non-motile cilia (McGrath, Somlo, Makova, Tian, & Brueckner, 2003a; Tabin,
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2003). Non-motile cilia express polycystin-2 (Pkd2) that act as a mechanosensor
initiating left-sided Ca2+ signaling (Bisgrove, Snarr, Emrazian, & Yost, 2005; McGrath,
Somlo, Makova, Tian, & Brueckner, 2003a; Tabin, 2003).
Therefore, nodal/KV flow has consequently been linked to a rise in Ca2+ on the
left side of the node and KV. The pronounced asymmetric activation of Nodal/Southpaw
follows. Ca2+ is a critical second messenger in the development of animals
(Langenbacher & Chen, 2008; Slusarski & Pelegri, 2007; Whitaker, 2006). Intracellular
Ca2+ plays an essential role in the LR patterning in most vertebrate embryos (Slusarski
& Pelegri, 2007; Webb & Miller, 2003). In fact, several researchers have shown
asymmetric, left-sided Ca2+ elevations, in the node in mice (McGrath, Somlo, Makova,
Tian, & Brueckner, 2003a; Y. Tanaka et al., 2005), chick (Garic-Stankovic, Hernandez,
Flentke, Zile, & Smith, 2008; Raya et al., 2004) and zebrafish at the five- to eight-somite
stage (Jurynec et al., 2008; Sarmah, Latimer, Appel, & Wente, 2005). Furthermore, a
recent study demonstrated the Ca2+ channel polycystin 2 (Pkd2) requirement in the
perinodal crown cells to sense the nodal flow (Yoshiba et al., 2012). A potential Ca2+
target should meet certain criteria, including being active on the left side of the node/KV
following Ca2+ elevation and be involved in LR asymmetry processes.
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CAMK-II
One potential Ca2+ target necessary for the establishment of left-right asymmetry
in zebrafish embryos is CaMK-II. CaMK-II is a Ca2+- and calmodulin-dependent
serine/threonine protein kinase (Hudmon & Schulman, 2002a; Swulius & Waxham,
2008). This protein is known to phosphorylate important substrates in transcription,
secretion, migration, and other cellular processes, particularly in the central nervous
system. Important findings from the Tombes’ lab have demonstrated that: a) CaMK-II is
necessary for cell motility through interaction with focal adhesion proteins (Easley,
Brown, Horwitz, & Tombes, 2008); b) laminin activates CaMK-II, which associates with
actin and β3tubulin to promote nascent embryonic axon stabilization (Easley et al.,
2006); and, c) Flightless-I binds to CaMK-II is its activated state to influence β-catenin
gene transcription (Seward, Easley, McLeod, Myers, & Tombes, 2008).
Although there are variations within the structure of CaMK-II, its molecular
weight ranges from 50-68kDa (Hudmon & Schulman, 2002a). CaMK-II contains three
domains: catalytic, variable, and association (Hudmon & Schulman, 2002a). The
catalytic domain contains an autoregulatory region, which sterically inhibits regulates
(via inhibition or restriction) enzymatic activity in the absence of Ca2+/CaM. Ca2+/CaM
activates CaMK-II by displacing the autoinhibitory domain in the catalytic region. Unlike
other CaM kinases, CaMK-II can undergo an autophosphorylation process upon
Ca2+/CaM binding at residue T287 (T286 in alpha) (Y. Hashimoto, Schworer, Colbran, &
Soderling, 1987; Hudmon & Schulman, 2002a). This process allows CaMK-II to become
active, independent or autonomous of Ca2+/CaM (Hudmon & Schulman, 2002a). Sitemutagenesis of this site (T287) to residues such as Alanine interferes with CaMK-II
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autonomy (Hudmon & Schulman, 2002b). On the other hand, replacement of T287 with a
charged amino acid such as Aspartate, promotes autonomous activity without
autophosphorylation (Easley et al., 2008; Hudmon & Schulman, 2002b; L. D. Johnson
et al., 2000).
The variable domain is subjected to alternative splicing, explaining the multiple
isoforms that arise from each gene (Hudmon & Schulman, 2002a). In humans, over 40
isoforms have been reported (Tombes, Faison, & Turbeville, 2003). Splice variants can
be targeted to the membrane, nucleus or cytoplasm (Tombes et al., 2003). The
association domain plays a role in the formation and assembly of the holoenzyme,
which is composed of 8-12 CaMK-II subunits. Distinct from other holoenzymes, which
are homomeric, CaMK-II can be comprised of different subunits, thus forming a
heteromeric CaMK-II (Hudmon & Schulman, 2002a; Lantsman & Tombes, 2005).
CaMK-II is encoded by four distinct genes in most vertebrates: α, β, γ, and δ
(Tombes et al., 2003). A variant of CaMK-II α exists: αKAP CaMK-II (Bayer, Harbers, &
Schulman, 1998). Distinctive from other CaMK-IIs, αKAP CaMK-II comprises a
truncated protein that lacks the catalytic domain, but includes a membrane spanning
domain and is known to hetero-oligomerize with and thus target catalytically active
CaMK-II to membranes (Bayer et al., 1998; Nori et al., 2003). Alpha and Beta are
mostly expressed in nervous tissue, while gamma and delta are expressed
predominantly in the heart (Hudmon & Schulman, 2002a; Tombes et al., 2003). In fact,
the alpha and beta isoforms constitute up to 1% of total brain protein and up to 2% of
total protein in the hippocampus (Hudmon & Schulman, 2002a). Invertebrates such as
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Drosophila melanogaster and C. elegans have only one CaMK-II gene (Tombes et al.,
2003).
In zebrafish, CaMK-II is encoded as eight open reading frames: α, αKAP, β1, β2,
δ1, δ2, γ1, and γ2 (Rothschild et al., 2009; Rothschild, Lister, & Tombes, 2007).
Alternative splicing within the variable domain gives rise to more than 25 CaMK-II
isoforms in zebrafish embryos (Rothschild et al., 2007; 2009; Rothschild, Francescatto,
Drummond, & Tombes, 2011). CaMK-II specific activity is low during the first 10 hours
of development, but it exponentially increases from the 12 somite stage through 7dpf
(days post fertilization), when it eventually levels off (Rothschild et al., 2007). Consistent
with previous results, all seven genes are expressed in the developing nervous system
(Rothschild et al., 2007; 2009).
The use of inhibitors is essential to understand the function of this protein.
CaMK-II can be inhibited by KN93 and KN62, which compete with CaM binding in the
catalytic domain, maintaining CaMK-II in an inactive state (Tombes, Grant, Westin, &
Krystal, 1995). In zebrafish, besides the common inhibitors used in model organisms,
morpholinos can also be used to inhibit protein production (Bill, Petzold, Clark,
Schimmenti, & Ekker, 2009; Nasevicius & Ekker, 2000). Morpholinos are antisense
oligonucleotides that bind to the mRNA and inhibit translation (Bill et al., 2009).
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ZEBRAFISH AS A MODEL SYSTEM
Since 1930, the Zebrafish, Danio rerio, has been studied as a model organism in
developmental biology (Lieschke & Currie, 2007).

The late 20th century saw the

emergence of zebrafish as an invaluable model organism to gain insight into genetics
and vertebrate development. Although it is not a mammal, zebrafish have many
characteristics that make its selection for examination in the lab desirable: external
development; clarity of the embryo; high fecundity rate, and short generation time
(Dooley & Zon, 2000; Lieschke & Currie, 2007). In addition, space requirements, cost
and maintenance are much lower than in mammalian model organims. Although lower
organisms, such as Drosophila and C. elegans can serve as powerful model systems,
they are not adequate to study questions regarding heart, kidney, and other vertebratespecific features (Dooley & Zon, 2000). In fact, through investigations using zebrafish,
scientists have advanced their understanding into corresponding pathways of
physiological diseases in humans, especially in regards to the cardiovascular,
hematopoietic, renal, neurologic and ophthalmologic systems (Dooley and Zon, 2000;
Lieschke and Currie, 2007).
One of the exceptional qualities of zebrafish as a model organism is its heart
development. The heart is the first organ to form and function in the vertebrate embryo
(Yelon & Stainier, 1999). Due to the transparency of the embryo, heart size, shape and
function can be visualized in live animals. In addition, during the first days of
embryogenesis, the zebrafish does not depend on the cardiovascular system to deliver
oxygen to the cells (Glickman & Yelon, 2002; Yelon & Stainier, 1999). Therefore,
procedures that might affect heart development can be performed without affecting the
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continued development of the early embryo. In the same way, much knowledge has
been gained on kidney development from studies performed in zebrafish (Drummond &
Davidson, 2010).
In order to understand gene function in zebrafish embryos, several strategies have
been developed including forward- and reverse-genetic approaches. Forward genetic
screens allow scientists to create random mutations within the genome and separate
them based on their phenotypes (Lieschke & Currie, 2007). The methylating agent
ethylnitrosourea (ENU) has been successfully used in this manner (Amsterdam &
Hopkins, 2006). TILLING (targeting induced local lesions in genomes), and antisense
oligonucleotide morpholino knockdown represent the major techniques utilized in
reverse-genetic approaches (Amsterdam & Hopkins, 2006; Lieschke & Currie, 2007).
Recently, much effort has been devoted to develop new and more efficient techniques
for the generation of zebrafish mutants. These include the zinc finger nuclease (ZFN)
and transcription activator-like effector nuclease (TALEN) approaches (P. Huang, Zhu,
Lin, & Zhang, 2012). In particular, the use of morpholinos provide a quick and effective
method to characterize the severity of phenotypes (morphants) in the absence of
expression of a specific gene (Nasevicius & Ekker, 2000). The combination and use of
these techniques has allowed scientists to discover mutations in several zebrafish
genes that mimic the phenotype observed with mutations in its orthologous gene in
humans. This provides insight into the molecular pathogenesis of these diseases and
how they can potentially be treated.
Morpholino knockdown of each zebrafish CaMK-II gene produces distinct and
interesting phenotypes, demonstrating the importance of this protein throughout

13
development (Francescatto, Rothschild, Myers, & Tombes, 2010; Rothschild et al.,
2009; 2011). Suppression of β2 CaMK-II compromises the proper development of the
zebrafish heart resulting in “heartstring” (linear heart) embryos, in addition to partial
development of the fins (Rothschild et al., 2009). In contrast, knockdown of β1- and γ1CaMK-II interfere with migration during gastrulation, especially convergent extension
movement of cells (data not shown). Moreover, suppression of γ1 CaMK-II has been
implicated in the development of ciliated tissues and organs, such as the zebrafish
pronephros and the inner ear within the otic vesicle (Rothschild et al. 2011, data not
shown). Important findings have also demonstrated that three CaMK-II genes are
important for LR establishment in zebrafish embryos, αKAP, β2, and γ1 (Francescatto et
al., 2010). This last study, including CaMK-II potential downstream targets, will be the
focus of this dissertation.
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FIGURES

Figure 1.1.
Illustration of organ arrangement in humans.
Normal positioning (situs solitus), midline positioning (isomerism or heterotaxia), and
complete inversion of internal organs (situs inversus) (Fakhro et al., 2011).
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Chapter 2: The activation of membrane targeted CaMK-II in the zebrafish
Kupffer’s vesicle is required for left-right asymmetry

ABSTRACT

Intracellular calcium ion (Ca2+) elevation on the left side of the mouse embryonic
node or zebrafish Kupffer's vesicle (KV) is the earliest asymmetric molecular event that
is functionally linked to lateral organ placement in these species. In this study,
Ca2+/CaM-dependent protein kinase (CaMK-II) is identified as a necessary target of this
Ca2+ elevation in zebrafish embryos. CaMK-II is transiently activated in approximately
four interconnected cells along the anterior left wall of the KV between the six- and 12somite stages, which is coincident with known transient left-sided Ca2+ elevations.
Within these cells, activated CaMK-II is observed at the surface and in clusters, which
appear at the base of some KV cilia. Although seven genes encode catalytically active
CaMK-II in early zebrafish embryos, one of these genes also encodes a truncated
inactive variant (αKAP) that can hetero-oligomerize with and target active enzyme to
membranes. αKAP, β2 CaMK-II and γ1 CaMK-II antisense morpholino oligonucleotides,
as well as KV-targeted dominant negative CaMK-II, randomize organ laterality and
southpaw (spaw) expression in lateral plate mesoderm (LPM). Left-sided CaMK-II
activation was most dependent on an intact KV, the PKD2 Ca2+ channel and γ1 CaMK-
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II; however, αKAP, β2 CaMK-II and the RyR3 ryanodine receptor were also
necessary for full CaMK-II activation. This is the first report to identify a direct Ca2+sensitive target in left-right asymmetry and supports a model in which membrane
targeted CaMK-II hetero-oligomers in nodal cells transduce the left-sided PKD2dependent Ca2+ signals to the LPM.
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INTRODUCTION

Laterality disorders are characterized by the misplacement of one or more
organs across the left-right (LR) axis and occur as often as once in every 6000
newborns (Peeters & Devriendt, 2006). Although the positioning of internal organs in
diverse vertebrate organisms is initiated by signals originating from a transient posterior
structure, known as the mouse embryonic node or zebrafish Kupffer's vesicle (KV), this
pathway remains incompletely defined (Hirokawa et al., 2006).
The KV is a fluid-filled organ that forms at the posterior end of the notochord at
the early somite stages of teleost embryos (Essner, 2005). The KV, like the mouse
ventral node, is lined by epithelial cells that contain motile cilia whose resultant fluid flow
is necessary to establish left-right asymmetry (Kramer-Zucker, 2005; J. D. Lee &
Anderson, 2008). Fluid flow leads to the asymmetric expression of southpaw (spaw) in
left-sided lateral plate mesoderm (LPM) beginning at the 10- to 12-somite stage (Long,
2003). Southpaw, which is a member of the transforming growth factor (TGF) β family of
secreted morphogens, is also expressed bilaterally in perinodal cells surrounding the
KV at the four- to six-somite stage (Gourronc, Ahmad, Nedza, Eggleston, & Rebagliati,
2007; Long, 2003). Expression of nodal, the mouse ortholog of spaw, also occurs both
bilaterally in perinodal cells surrounding the ventral node and then later in left LPM
(Yamamoto, 2003). Southpaw induces the progressive expression of additional spaw,
pitx2, lefty1 and lefty2 in LPM (Long, 2003) that proceeds towards the anterior end of
the embryo at a rate of approximately two somites per hour (X. Wang & Yost, 2008).
This property of Southpaw/Nodal supports the reaction-diffusion model of self-induction
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(Shiratori, 2006). It remains unclear how actions at the KV or node promote only leftsided Spaw/Nodal expression in the LPM.
Ca2+ flux through the TRPP channel PKD2 (polycystin 2) (Bisgrove et al., 2005;
Schottenfeld, Sullivan-Brown, & Burdine, 2007) has been implicated in the undefined
pathway that transfers signals from perinodal cells to the LPM (Langenbacher & Chen,
2008). In fact, the involvement of PKD2 and of both motile and sensory cilia (two-cilia
model) prompted the proposal that left-sided Ca2+ elevation was an early asymmetric
event (Tabin, 2003). Sustained Ca2+ elevations were subsequently detected on the left
side of the embryonic node in mice (McGrath, Somlo, Makova, Tian, & Brueckner,
2003a; Y. Tanaka et al., 2005), chick (Garic-Stankovic et al., 2008; Raya et al., 2004)
and zebrafish at the five- to eight-somite stage (Jurynec et al., 2008; Sarmah et al.,
2005). In addition to PKD2, left-sided Ca2+ release has been linked to ryanodine
receptors (Garic-Stankovic et al., 2008; Jurynec et al., 2008) and inositol phosphatedependent signals (Sarmah et al., 2005), implicating intracellular Ca2+ amplification.
Gap junctions may enable Ca2+ to spread through target cells on the left side of the
node (Hatler, Essner, & Johnson, 2009; Levin & Mercola, 1999) and H+K+ATPase may
help maintain the driving force for Ca2+ elevations (Garic-Stankovic et al., 2008). PKD2
targeted to endomembranes in KV cells may be more important than plasma membrane
PKD2 for left-right asymmetry in zebrafish (Fu et al., 2008). The importance of PKD2 is
further supported by observations that pkd2 morphants and mutants randomize organ
placement and LPM spaw expression (Bisgrove et al., 2005; Schottenfeld et al., 2007).
PKD2-deficient mouse embryos also lack the normal Ca2+ elevation on the left side of
the ventral node (McGrath, Somlo, Makova, Tian, & Brueckner, 2003a) and have
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randomized organ position (McGrath, Somlo, Makova, Tian, & Brueckner, 2003a;
Pennekamp et al., 2002). PKD2 is a member of the TRPP family and has also been
linked to polycystic kidney disease (PKD) (Swanhart et al., 2011).
The target of the nodal Ca2+ elevation has remained elusive. Any candidate Ca2+sensing molecule must be activated simultaneously with Ca2+ elevations but prior to
LPM spaw expression. Although PKC, calcineurin and CaM (calmodulin) kinases are
developmentally expressed Ca2+-sensing molecules with potential roles in transducing
signals generated at the node (Whitaker, 2006), none of these molecules haVE been
implicated as targets of the asymmetric Ca2+ signal. CaMK-II, the type II multifunctional
Ca2+/CaM-dependent protein kinase is the most widely expressed member of the CaM
kinase family (Tombes et al., 2003) and is subject to highly orchestrated stimulatory and
inhibitory autophosphorylations, which then influence its subcellular location and activity
towards a variety of substrates (Colbran, 2004; Griffith, 2004; Swulius & Waxham,
2008). Seven transcriptionally active genes encoding CaMK-II have been described in
early zebrafish embryos, with one gene containing two open reading frames (Rothschild
et al., 2007; 2009). During development, CaMK-II is best known for its role in noncanonical Wnt-dependent convergent extension and planar cell polarity (PCP) pathways
(Kühl et al., 2001; Sheldahl et al., 2003).
In this study, we report that endogenous zebrafish CaMK-II is transiently
activated in cells comprising the left wall of the KV at the same time that left-sided Ca2+
elevations are known to occur. The subcellular localization of activated CaMK-II is
consistent with the nature of the genes encoding CaMK-II that are implicated in
asymmetry and suggests a means by which CaMK-II laterally transduces Ca2+ signals
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from the KV to left LPM.

21
MATERIALS AND METHODS

Zebrafish strains
Wild-type zebrafish embryos (AB and WIK Strains) were obtained through natural
matings, raised at 28.5°C in the presence of 0.002% Methylene Blue and 0.003% PTU
(1-phenyl-2-thiourea) to block pigmentation, and staged as described (C. B. Kimmel,
Ballard, Kimmel, Ullmann, & Schilling, 1995). Embryos were injected at the one- to fourcell stage with ∼1 nl using freshly pulled micropipettes attached to a precision
pressurized injector (C. B. Kimmel et al., 1995).

CaMK-II antibodies
Immunolocalization using anti-phosphorylated (Thr287) CaMK-II has previously
been described by this laboratory (Easley et al., 2006). All zebrafish CaMK-II proteins
have a sequence of MHRQE[pT287]VECLK in this region (Rothschild et al., 2007; 2009),
which is very similar to the phosphopeptide antigen used to create this rabbit polyclonal
antibody (MHRQE[pT]VDCLK; Upstate/Millipore) and are therefore predicted to
crossreact. E289 is the only (conservative) difference in the epitope. This wellcharacterized antibody has been shown to be dependent on autophosphorylated (PThr287) mammalian CaMK-II (Rich & Schulman, 1998). An additional pan-specific
CaMK-II antibody (total CaMK-II) was also used in this study (BD Biosciences).
Although this antibody was reactive with all ectopically expressed zebrafish CaMK-IIs
tested by immunoblot so far, including αKAP, δ1G and β1K, it could not detect total
CaMK-II in whole mount embryos until ∼24 hpf.
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Autophosphorylation, immunoblot and CaMK-II autonomy assays
To test the reactivity of the anti-P-T287 antibody with zebrafish CaMK-II, a cDNA
encoding full-length zebrafish β1K CaMK-II (Rothschild et al., 2007) was amplified by
RT-PCR from 48 hpf zebrafish heart cDNA and inserted in-frame with the FLAG-GFP Nterminal epitope in the pcDNA vector (Seward et al., 2008) and transfected into mouse
cells using Lipofectamine 2000 (Invitrogen). After 24 hours, ∼50 µg of cell lysate,
prepared in EGTA as described, was autophosphorylated for various lengths of time (5
seconds to 5 minutes) on ice in the presence or absence of Ca2+ and CaM (Rich &
Schulman, 1998; 1998; Tombes et al., 1995). The majority of each sample was then
prepared in SDS buffer for immunoblot; 20 µg was probed with the anti-P-T287 antibody
(10 µg/ml) and 5 µg with the total CaMK-II antibody (1 µg/ml). The remainder was
simultaneously diluted into EGTA and then assayed for Ca2+/CaM-independent activity
(autonomy) by measuring the percentage of autocamtide-2 phosphorylation in the
presence of Ca2+/CaM that persists in the absence of Ca2+/CaM (Rothschild et al.,
2007).

Immunolocalization
Fresh embryos were fixed in 4% paraformaldehyde in PBS and stored in
methanol. Embryos were sequentially incubated with rabbit anti-P-Thr287 CaMK-II IgG,
goat anti-rabbit Alexa568 (Invitrogen) as described (Easley et al., 2006); and with mouse
anti-acetylated α tubulin IgG (Sigma) and goat anti-mouse Alexa488 (Invitrogen). Wholemount immunoreactivity with the P-Thr287 antibody was non-existent when only
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secondary antibodies were used and was undetectable anywhere else in the embryo at
the somite stage. Embryos were confocally imaged (Nikon C1 Plus) on a Nikon E-600
compound microscope using 20, 40 or 100X objectives. The number of cells that
exhibited activated CaMK-II and their location was determined from inspections of zstacks of up to 40 0.5-1.0 µm optical sections. The percentage of embryos that
expressed any active CaMK-II was scored and the total number of cells per embryo was
averaged for all embryos, including those that had no activation. In some cases, zstacks were converted into projections that merged optical sections into one image.

Morpholinos
Morpholino antisense oligonucleotides (MOs) were designed to disrupt
translation by complementary binding to predicted or known translational start sites of
zebrafish CaMK-II mRNAs. MOs were purchased from Gene Tools (Philomath OR) and
are shown for each gene in the 5′ to 3′ direction with the sequence corresponding to the
start codon underlined and mRNA nucleotide positions indicated. The camk2b1 and
camk2b2 MOs have previously been described and optimized (Rothschild et al., 2009).
The control mismatch MO exhibits 13 (camk2aKAP), 16 (camk2b2) and 15 (camk2g1)
nucleotide mismatches on the corresponding mRNA.
camk2a: GCCATCCTGGAAGCGTGTGCGCCTC-3′; nucleotides –20 to +5
camk2aKAP: GGCATAGCGGTGGTCTGCTCTCCAC; nucleotides –20 to +5
camk2b1: GGCCATGTCTTCCCGTCTCGGACTC; nucleotides –19 to +6
camk2b2: GCGTGCAGGTTGTGGTTGCCATGTC; nucleotides –3 to +19)
camk2g1: AATTGTAGCCATGTTGTGTGTGCGT; nucleotides –13 to +12)
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camk2g2: AATTGTAGCCATGTTGCGCTTTACG; nucleotides –13 to +12)
camk2d1: CAGGTTGTTGAAGCCATGCTGAAAG; nucleotides –8 to +17)
camk2d2: CAGATGGTCAGAGCCATTGTGATG; nucleotides –7 to +17)
Mismatch: CAATGCTCACAGCGATTGTCATG
Morpholino stocks (1 mM) were stored at –80°C. Prior to injection, MO aliquots
were heated to 65°C for 5 minutes, cooled to room temperature and then diluted in
“Danieau” buffer (Westerfield, 1993). The dose-dependent effectiveness of each MO at
suppressing CaMK-II expression was assessed by CaMK-II peptide assay, as described
previously

(Rothschild

et

al.,

2007;

2009).

The

zebrafish

pkd2

MO

(5′-

AGGACGAACGCGACTGGAGCTCATC-3′), previously described to phenocopy pkd2
mutants (Schottenfeld et al., 2007; Sun et al., 2004), the ryr3 MO (Jurynec et al., 2008)
and the no tail (ntl) MO (Amack, Wang, & Yost, 2007) were all injected at 4 ng.

Whole-mount in situ hybridization, RT-PCR, probes and cDNA clones
Embryos were fixed and hybridized with ∼0.5 kb digoxigenin-labeled antisense
riboprobes and then developed as previously described (Rothschild et al., 2009). The
zebrafish cmlc2 (cardiac myosin light chain 2) probe was previously described
(Rothschild et al., 2009). The foxa3 probe was prepared from a cDNA provided by Dr. J.
A. Lister; the southpaw, charon and lefty1 probes from clones provided by Dr. H. J.
Yost; and the ntl probe was from Dr. D. M. Garrity. The camk2aKAP probe contains
∼100 bp of unique sequence that encodes the membrane-targeting domain; the
remainder of its coding sequence is shared with camk2a catalytic mRNAs. The
camk2aKAP probe was prepared from a clone (Open Biosystems) using a camk2aKAP
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sense primer similar to the camk2aKAP MO and a camk2a antisense primer. The same
camk2aKAP splice variant was identified by sequencing over 15 TOPO/TA clones that
had been amplified from embryonic mRNA at the four- to eight-cell stage (maternal), 14to 18-somite stage and 2 dpf dissected cardiac tissue. The camk2g1 probe was
synthesized from a partial zebrafish (γ1C variant) cDNA clone in the TOPO/TA vector,
which had been amplified by RT-PCR (Rothschild et al., 2007). The camk2b2 probe
was synthesized from a partial cDNA clone spanning the variable domain and
corresponding to the β2G variant, as previously described (Rothschild et al., 2009). The
sox17-CaMK-II K43A construct was prepared by linking the 4.2 kb upstream sequence of
the zebrafish sox17 gene (Chung & Stainier, 2008) to human GFP-CaMK-II (Rothschild
et al., 2009). Site-specific (K43A) mutagenesis and enzymatic inactivation were
confirmed by sequencing and CaMK-II assays.

Analysis of KV cilia
Live embryos were imaged using differential interference contrast optics after
transient anesthesia with 0.003% Tricaine (MS222, Sigma) and immobilization between
coverslips. Ciliary motility was imaged in the Kupffer's vesicle (KV) of live anesthetized
embryos using a NIKON 60X water immersion Plan APO objective with DIC optics and
30 frames per second acquisitions. Lengths of cilia in fixed embryos were determined
from anti-acetylated α-tubulin whole mounts using quantitative length algorithms in
Nikon Elements in three to four experimental replicates for at least ten embryos per
replicate and ∼20 cilia per embryo. Statistical analyses were performed using the paired
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t-test. Statistically significant differences are denoted by an asterisk and indicated Pvalues.
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RESULTS

CaMK-II is activated in cells on the left side of the Kupffer's vesicle (KV)
Although left-sided Ca2+ elevations occur between the five- and eight-somite
stage in cells surrounding the KV (Jurynec et al., 2008; Sarmah et al., 2005), the
subsequent signaling event has remained undetermined. In this study, CaMK-II was
evaluated as a potential Ca2+ target at the KV. In zebrafish embryos, CaMK-II
expression accelerates around the segmentation period, appearing in a wide variety of
tissues (Rothschild et al., 2007; 2009). Upon activation by Ca2+/CaM, CaMK-II
autophosphorylates at Thr287 to sustain its own activity (Hudmon & Schulman, 2002b).
Immunolocalization of P-Thr287 CaMK-II can therefore be used to identify cells in which
natural relevant Ca2+ signals activated CaMK-II. This well-characterized antibody (Rich
& Schulman, 1998) has previously been used to localize activated CaMK-II in tissues as
diverse as mammalian neurons (Easley et al., 2006) and Xenopus embryos (Kühl et al.,
2001).
Activated (P-Thr287) CaMK-II was detected in ciliated cells lining the left side of
the KV (Fig. 2.1A,B). Activated CaMK-II was undetectable in the developing embryo
prior to KV formation, which is not surprising as CaMK-II expression is minimal until ∼10
hpf (Rothschild et al., 2007). Later, CaMK-II is activated in some, but not all, of the other
embryonic locations where expression has been observed (Rothschild et al., 2007),
such as the forebrain (data not shown). Within cells surrounding the KV, activated
CaMK-II is enriched at cell surfaces (arrow) and in clusters (arrowhead), which
sometimes occur at the base of cilia (Fig. 2.1C-E). Punctate and cortical staining of
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endogenous activated CaMK-II is reminiscent of CaMK-II clustering previously reported
in kidney cells and neurons (Hudmon et al., 2005).
The anti-P-Thr287 antibody was predicted to react with zebrafish CaMK-IIs, as the
sequence surrounding this important regulatory region is highly conserved (Tombes et
al., 2003). This was confirmed using cloned and autophosphorylated zebrafish CaMK-II
(Fig. 2.1F). As Thr287 autophosphorylation renders CaMK-II active in the absence of
Ca2+, the proportionality of such Ca2+-independent activity (autonomy; Fig. 2.1G) to PThr287 immunoreactivity is demonstrated (Fig. 2.1H), as previously shown for
mammalian CaMK-II (Rich & Schulman, 1998). Although the total CaMK-II antibody
reacts with overexpressed zebrafish CaMK-II (Fig. 2.1F), it could not detect endogenous
CaMK-II in wholemounts prior to 24hpf (data not shown).

Left-sided CaMK-II activation is transient
Activated CaMK-II was not detected at the KV until the three- to six-somite stage
when it became weakly apparent bilaterally (Fig. 2.2A,B). As development proceeded,
activated CaMK-II increased in intensity primarily, but not exclusively, in cells on the left
side of the KV at 10 (Fig. 2.2C) and 12 somites (Fig. 2.1). The number of cells that
exhibited activated CaMK-II and their location was determined from inspections of zstacks of each embryo (data not shown). The number of embryos and cells per embryo
expressing activated CaMK-II peaked at the 10- to 12-somite stage (Fig. 2.2F). As many
as ten, but on average four, cells contained activated CaMK-II and were almost always
in contact with each other, spanning the height of the KV, occasionally including cells at
the base, but never on the roof. The proportion of active cells that were anterior and left-
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sided also peaked between 10 and 12 somites (Table 2.1). At any one of these peak
times, no more than 75% of embryos exhibited P-CaMK-II. It is possible that the other
25% of embryos had already peaked and inactivated CaMK-II. After this stage, CaMK-II
rapidly inactivated and was completely lost in all embryos by 18 somites around the
disassembling KV (Fig. 2.2F,G). Activated CaMK-II was not observed in cells outside of
the immediate vicinity of the KV, in the notochord or along lateral plate mesoderm,
indicating that any role for CaMK-II in propagating the asymmetry signal is restricted to
cells lining the functional KV.

CaMK-II suppression randomizes left-right organ placement
Both gene-specific antisense morpholino oligonucleotides (MOs) and a
dominant-negative CaMK-II construct were used to assess the functional necessity of
CaMK-II activity in the determination of left-right asymmetry. Of the seven genes
encoding zebrafish CaMK-II (α1, β1, β2, γ1, γ2, δ1, δ2), translation-blocking MOs that
target two of these genes (β1, β2) have already been described (Rothschild et al.,
2009). As one gene (α1) uses two promoters to yield catalytically active (α1) and
inactive (αKAP) products, a total of eight unique MOs were evaluated. Three of these
MOs, as well as kinase inactive (K43A) GFP-CaMK-II (Fig. 2.3A), targeted using the
sox17 promoter (Chung & Stainier, 2008), interfered with organ placement. Sox17 is
known to be expressed in dorsal forerunner cells (DFC) and in cells lining the KV
(Amack et al., 2007). As previously shown (Amack et al., 2007), the sox17 promoter
targeted K43A CaMK-II to DFCs at the shield stage and to cells surrounding the KV at
the 12-somite stage (Fig. 2.3A). K43A CaMK-II is not gene specific, as it can hetero-
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oligomerize

with

any

endogenous

CaMK-II

and

decrease

inter-subunit

autophosphorylation (L. D. Johnson et al., 2000). Targeted K43A CaMK-II induced fewer
defects than did CaMK-II MOs, which is consistent with an endodermal/KV-specific role
for CaMK-II in asymmetry, in addition to its many other developmental roles.
The three effective MOs (camk2b2, camk2aKAP, camk2g1) disrupted the normal
asymmetry of heart, brain and visceral organs at low (1-2 ng) MO levels when
compared with a control mismatch MO (Fig. 2.3B). Organ laterality was assessed by
heart jogging at 24hpf (cmlc2), visceral organ positioning at 48hpf (foxa3) and dorsal
diencephalon or epithalamus (lefty1) asymmetry at the 22- to 26-somite stage (Fig.
2.3C). None of the other MOs interfered with left-right asymmetry at up to 5 ng, as
shown for the mismatch MO (Fig. 2.3B). Targeted kinase-inactive CaMK-II (sox17-K43A)
also randomized heart laterality (Fig. 2.3B). Visceral organ development was disrupted
by sox17-K43A to the extent that laterality could not be determined. Unlike cmlc2 and
foxa3, lefty1 was absent from the epithalamus (but not the notochord) in 60-70% of all
three camk2 morphants. The absence of epithalamic lefty1 expression has also been
reported in pkd2 morphants (Bisgrove et al., 2005), suggesting Ca2+-dependent lefty1
brain expression.
Camk2g1 and camk2b2 MOs decreased total embryonic CaMK-II levels at 24hpf,
whereas the camk2aKAP MO and the sox17-K43A cDNA construct had no effect, as
expected (Fig. 2.3D). Although camk2a, camk2b1 and camk2g2 MOs also suppressed
activity during the first 3 days of development to varying degrees (data not shown)
(Rothschild et al., 2009), they had no effect on organ laterality. These findings are
consistent with the involvement of specific CaMK-II-encoding genes in organ
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asymmetry.

Zebrafish αKAP structure
No previous report has implicated αKAP in non-muscle function. The alternative
promoter responsible for αKAP expression is found 3′ to catalytic domain exons (Bayer
et al., 1998; 1998; Tombes et al., 2003). Since αKAP translation begins downstream
from the exon encoding Thr287 (Fig. 2.4A), αKAP cannot be directly detected with the
anti P-Thr287 antibody. However, truncated constructs such as αKAP efficiently heterooligomerize with full-length CaMK-IIs to anchor active complexes in cell membranes
(Bayer et al., 1998). The sequence of the first 29 residues of αKAP is shown (Fig. 2.4B),
ending at the corresponding lysine (K317) in full-length α CaMK-II . The zebrafish αKAP
sequence is homologous to mouse αKAP (Fig. 2.4B) and both sequences are predicted
to be membrane spanning (Dyrløv Bendtsen, Nielsen, Heijne, & Brunak, 2004). RTPCR of zebrafish αKAP during the first 2 days of development identified only the nonnuclear variant, not the reported alternative nuclear-targeted αKAP variant (O'Leary,
Lasda, & Bayer, 2006).

CaMK-IIs are uniformly expressed around the KV
CaMK-II mRNA distribution was assessed in order to rule out asymmetric
expression of CaMK-II-encoding genes. This was the only feasible approach as CaMKII protein levels were below the detection limits of the total CaMK-II antibody at this early
stage. camk2aKAP, camk2b2 and camk2g1 mRNAs were all expressed around the KV
at the 10- to 12-somite stage (Fig. 2.4C). Camk2aKAP and camk2b2 were expressed in
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cells surrounding the KV and the notochord, whereas camk2g1 was more enriched in
cells within the notochord. With all three genes, expression was uniformly bilateral, thus
indicating no preferential left-sided expression of any CaMK-II.

KV morphology and function in CaMK-II morphants
In order to determine whether the roles of these three CaMK-II-encoding genes
could be explained by alterations in the morphology, structure or function of the
notochord, KV or cilia, morphants around the 10-somite stage (Fig. 2.5A, lateral) were
evaluated. Morphants exhibited no delays in notochord and KV formation or gene
expression as shown dorsally (Fig. 2.5A, dorsal) and by in situ hybridization of ntl (Fig.
2.5A, ntl) and the KV-specific marker charon (Fig. 2.5A, charon). The stereotypical
horseshoe expression pattern of charon (H. Hashimoto, 2004) was unaffected in
morphants, although the breadth of charon expression was contracted, as were the KVs
themselves. The distribution of cilia throughout the KV appeared relatively normal (Fig.
2.5A, cilia), but their number was decreased by ∼25% in camk2b2 and camk2g1
morphants, whereas their length (measured upon magnification as in Fig. 2.1E) was
decreased by 35-40% (Fig. 2.5B). Ciliary number and length was decreased by only 1020% in camk2aKAP morphants, even though their asymmetry defects were no less
severe than camk2b2 or camk2g1 morphants. KV ciliary beating appeared unaffected in
all morphants (data not shown). These findings indicate that the loss of asymmetry was
not the result of severe morphogenic deficiencies in the KV or cilia.
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Expression of laterality markers downstream from CaMK-II
The earliest known gene product in zebrafish embryos that exhibits left
sidedness is southpaw (spaw), the ortholog of the TGFβ family member nodal (X. Wang
& Yost, 2008). Left-sided CaMK-II activation precedes the expression of spaw in leftsided LPM (Long, 2003). At 18-20 somites, 90-95% of control embryos exhibited spaw
expression in left-sided LPM (Fig. 2.6). By contrast, spaw expression in all three CaMKII morphants, as well as in Sox17-K43A-injected embryos, was randomly distributed in
LPM on the left, right or both sides. Although as many as 20% of morphant embryos
exhibited an absence of LPM spaw expression; these findings indicate that the LPM
spaw expression pathway was generally intact and that its sidedness had been
randomized. At the KV, bilateral spaw expression was not disrupted in any morphant
(data not shown), thus supporting the preferential influence of CaMK-II on spaw
expression in LPM. Previous studies have shown that left-sided Ca2+ elevations are also
dependent on the RyR3 ryanodine receptor (Jurynec et al., 2008); however, no studies
have demonstrated its influence on left right asymmetry. We report that ryr3 morphants
have randomized cardiac and visceral organ asymmetry (see Fig. 2.S1) and
randomized spaw (Fig. 2.6).
The co-injection of wild type CaMK-II efficiently reverses the effects of camk2b2
MOs on heart looping and morphogenesis (Rothschild et al., 2009). However, neither
universally nor KV-targeted wild-type or constitutively active CaMK-II cDNA coinjections rescued laterality defects in camk2g1 or camk2aKAP morphants, perhaps
because such rescues would require left-sided expression of membrane-targeted
CaMK-II to the KV. Using the β-actin promoter, widespread expression of low levels of
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zebrafish αKAP or K43A, but not wild-type CaMK-II cDNA (Rothschild et al., 2009)
caused axis defects, presumably by inappropriate membrane targeting or inactivation of
endogenous CaMK-II in other tissues (data not shown).

Morphant effects on KV CaMK-II
Our findings predict that activated CaMK-II in morphants should either be
diminished or displaced. We found that KV CaMK-II activation was altered in embryos in
which CaMK-II synthesis or activity was suppressed by MOs or dominant-negative
CaMK-II (Fig. 2.7, Table 2.2). Camk2aKAP morphants showed an overall reduction in
activated CaMK-II, primarily owing to preferential loss of cortical CaMK-II (Fig. 2.7B).
Activated CaMK-II levels were not diminished in camk2b2 morphants and the protein
was still present in most embryos, but was located more bilaterally and more posteriorly
(Fig. 2.7C). The most profound reduction was in camk2g1 morphants (Fig. 2.7D) where
fewer than one-third of embryos exhibited activated CaMK-II and, on average, fewer
than one activated cell was present per embryo. Embryos injected with sox17-K43A
CaMK-II also showed a reduction of KV CaMK-II activation (Fig. 2.7E), with
simultaneous GFP expression in ciliated KV cells (Fig. 2.7E inset). These results are
consistent with γ1 CaMK-II-αKAP hetero-oligomers comprising the sensory CaMK-II in
cells surrounding the KV, while β2 CaMK-II may influence a subtle aspect of KV
assembly, stability or function.
Morphants that disrupt KV formation and suppress Ca2+ channel expression also
interfered with CaMK-II activation. Ntl morphants have a contracted distorted
nonfunctional KV (Amack et al., 2007) that completely lacks any activated CaMK-II (Fig.
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2.7F). Pkd2 morphants have asymmetry defects (Bisgrove et al., 2005; Schottenfeld et
al., 2007) and also exhibit a substantial reduction in P-Thr287 CaMK-II (Fig. 2.7G), even
though total embryonic CaMK-II expression was not altered in these morphants at 24hpf
or 72hpf (as determined by CaMK-II activity assay, data not shown). Ryr3 morphants
also exhibited diminished numbers of cells containing activated CaMK-II (Fig. 2.7H,
Table 2.2).
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DISCUSSION

In this study, the Ca2+/CaM-dependent protein kinase, CaMK-II, is identified as
an essential Ca2+-sensitive molecule that is responsible for left-right asymmetry in
zebrafish. This conclusion is based on observations that the transient activation of
CaMK-II in cells on the left side of KV is necessary for normal organ laterality. Based on
known structural and functional features of CaMK-II, our findings implicate products of
three CaMK-II-encoding genes and two Ca2+ channels into a model through which
CaMK-II action links KV function with LPM signaling (Fig. 2.8).

CaMK-II is a KV sensory molecule
CaMK-II is the likely direct target of the Ca2+ elevations known to occur on the left
side of the zebrafish KV. Nodal Ca2+ elevations are dependent on both PKD2 (McGrath,
Somlo, Makova, Tian, & Brueckner, 2003b) and the RyR3 ryanodine receptor (Jurynec
et al., 2008). In this study, we have demonstrated that KV CaMK-II activation is also
dependent on PKD2 and RyR3. CaMK-II also presents itself as a link between these
two channels as it is known to directly phosphorylate and promote RyR channel opening
(Zalk, Lehnart, & Marks, 2007).
The requirement for multiple CaMK-II gene products is not surprising as CaMKIIs naturally form hetero-oligomers. In fact, αKAP is only known to act as a heterooligomer by targeting active β CaMK-II to the sarcoplasmic reticulum membrane (Nori et
al., 2003; Singh, Leddy, Chatzis, Salih, & Tuana, 2005). In addition to directly
phosphorylating the RyR Ca2+ channel (Zalk et al., 2007), SR CaMK-II is also believed
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to promote excitation-contraction coupling by phosphorylating phospholamban, a
protein that is necessary for activating SERCA, the Ca2+ATPase (Maier & Bers, 2007).
Our findings are consistent with this function in embryonic hearts as αKAP morphants
show a 30% decrease in heart rates, even at 2dpf (data not shown).
In non-muscle tissue, αKAP presumably still targets CaMK-II to membrane sites
necessary to respond to relevant Ca2+ elevations within the cell. This is supported by
the loss of cortical KV CaMK-II in αKAP morphants. The γ1 and β2 CaMK-II splice
variants known to be expressed at this time are relatively simple, lacking known
targeting domains of their own (Rothschild et al., 2007; 2009) and would therefore be
influenced by hetero-oligomerization with αKAP. Our studies suggest that heterooligomers of αKAP with γ CaMK-II are necessary for transducing the Ca2+ signal
released by the KV. It is less likely that β CaMK-II is the sensory CaMK-II, as camk2b2
morphants did not diminish CaMK-II activation in cells around the KV. Although
activated CaMK-II was not observed in KV cilia, α, γ and δ CaMK-IIs have all been
reported in the ciliary/centrosome proteome database (Gherman, Davis, & Katsanis,
2006).
CaMK-II is now the earliest Ca2+-dependent molecular marker shown to exhibit
left-sidedness in zebrafish. Its peak activation occurs between 10 and 12 somites, does
not persist past 16 somites and is dependent on KV assembly, as demonstrated using
ntl morphants. Activated CaMK-II does not appear in the LPM or notochord, so its
function must remain perinodally. CaMK-II morphants do not affect perinodal spaw
transcription, but do influence distant (LPM) spaw expression, which begins around the
12-somite stage (X. Wang & Yost, 2008). The involvement of activated CaMK-II in
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linking KV asymmetry to LPM is compatible with either the two cilia (physical) or the
morphogen gradient (chemical) model (Hirokawa et al., 2006).

Model of action
Based on these and other findings, a model of KV CaMK-II action can be
considered (Fig. 2.8). Ca2+ elevations in left sided cells of the KV occur between the
five- and eight-somite stage (Jurynec et al., 2008; Sarmah et al., 2005) as a result of
morphogen binding or fluid flow sensation. Ca2+ elevations necessary to activate CaMKII require PKD2 acting through extracellular influx and/or endomembrane release (Fu et
al., 2008), and the additional activation of intracellular Ca2+ release pathways involving
the ryanodine receptor, Ryr3 (Jurynec et al., 2008). By the 8- to 10-somite stage, αKAPγ1 CaMK-II hetero-oligomers are preferentially activated in approximately four
interconnected left anterior KV cells. This pattern of activation suggests a role for gap
junctions, which is supported by evidence that the gap junction protein connexin,
Cx43.4, is necessary for left-right asymmetry and contributes to KV morphogenesis
(Hatler et al., 2009). Similar to a subset of CaMK-II, connexin 43.4 is expressed in
puncta within cells surrounding the KV (Hatler et al., 2009; Jurynec et al., 2008; Sarmah
et al., 2005). Activated CaMK-II is enriched at such clusters, which are found throughout
cells, including at the base of cilia. CaMK-II clusters have previously been observed in
other cell types and are dependent on autophosphorylation (Hirokawa et al., 2006;
Hudmon et al., 2005). CaMK-II activation begins to diminish after the 12-somite stage,
at which time spaw mRNA begins to appear in LPM. Our evidence suggests that for any
individual embryo, peak CaMK-II activation at the KV can occur anytime between 6 and
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12 somites, and then rapidly disappears.
It has been postulated that preferential left-sided processing, secretion or
transport of Southpaw/Nodal from the embryonic node to the left LPM is the most likely,
and perhaps simplest, mechanism linking Ca2+-dependent events in perinodal cells to
the LPM (Francescatto et al., 2010; Shiratori, 2006). One possible means by which
CaMK-II could influence this pathway is through its known effect on protein secretion via
proteins, such as synapsin (Easom, 1999; Francescatto et al., 2010; Herrmann, Morita,
Lee, & Kusner, 2005; Nayak, Moore, & Browning, 1996). Synapsin I is a known
substrate of CaMK-II (Nayak et al., 1996; Sakuma et al., 2002) and is present in the
trans-Golgi network of epithelial cells (Bustos et al., 2001; Francescatto et al., 2010).
Alternatively, left-sided CaMK-II could enhance left-sided Southpaw action through the
degradation of the Southpaw antagonist Charon (Francescatto et al., 2010; H.
Hashimoto, 2004). In the absence of biased Ca2+ signals, slower but constitutive
bilateral synthesis, secretion or function of Southpaw would lead to bilateral or random
LPM activation.

CaMK-II is a morphogenic molecule
Our results are also consistent with a role for CaMK-II in the morphogenesis of
the KV. Although we have not detected activated CaMK-II immunologically in embryos
prior to the somite stage, CaMK-II mRNAs and activity have been detected during shield
and epiboly stages (Rothschild et al., 2007). During these early stages, Ca2+ signals
mediated by the Na+/Ca2+ transporter (NCX4a) have been shown to be essential for KV
morphogenesis (Shu et al., 2007). Our findings indicate that CaMK-II influences KV cilia
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length and numbers, but unlike NCX4a, CaMK-II is not absolutely required for KV
formation or for ciliary motility. These results suggest that the persistence of the KV may
actually depend on CaMK-II activation; as Ca2+ transients in the KV subside, the
inactivation of CaMK-II may lead to KV disassembly. KV morphology defects are more
prominent in camk2b2 and camk2g1 morphants than in camk2aKAP morphants,
suggesting a non-membrane role for CaMK-II in ciliary stability. The presence of
activated CaMK-II clusters at the base of cilia is consistent with their role in the stability
and thus the length of cilia. In fact, the length of cilia in PKD2 morphants is known to be
similarly decreased by ∼40% (Bisgrove et al., 2005), suggesting that PKD2 is sufficient
to supply the Ca2+ signals that activate CaMK-II to influence ciliary stability. CaMK-II
could also contribute to KV morphogenesis through steps that involve cell migration
(Amack et al., 2007) as CaMK-II is known to promote embryonic cell migration in culture
(Easley et al., 2008) and non-canonical Wnt-dependent pathways that activate CaMK-II
promote convergent extension cell migrations (Kühl et al., 2001).

Summary
The findings presented here provide insight into a longstanding mystery of a
direct protein target of the Ca2+ elevation that is known to transduce signals from the KV
to lateral plate mesoderm. The substrates of CaMK-II at the KV remain to be
determined, but the importance of membrane-targeted hetero-oligomers of CaMK-II
suggests relevant targets at the plasma membrane or at organelles. We propose that
these targets promote translation, disinhibition and/or secretion of molecules that
ultimately lead to left-sided Southpaw activation. Whether other Ca2+ targets exist and
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whether CaMK-II is the left-sided Ca2+ target at the embryonic node in other species
awaits further analysis. CaMK-IIs also influence KV ciliogenesis and are expressed at
many other times and places during zebrafish development (Rothschild et al., 2007;
2009). CaMK-II is emerging as even more multi-functional than previously envisioned
(Hudmon & Schulman, 2002a), supporting its universal ability to decode a wide variety
of Ca2+ signals. This study has established a valuable approach to define the relative
intracellular activity level and location of catalytically active members of this ubiquitous
enzyme during development.
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FIGURES

Figure 2.1.
CaMK-II is activated on the left side of Kupffer's vesicle (KV).
(A) Dorsal view of a 12-somite embryo, shows the KV (circular organ at the bottom of
outlined rectangle) by differential interference contrast microscopy. (B) Confocal
immunofluorescence of rectangular region in A using anti-acetylated α-tubulin (green,
Alexa488) to localize cilia and anti-P-T287 CaMK-II (red, Alexa568) to localize activated
CaMK-II in cells on the left side of the KV. (C-E) Higher magnification reveals activated
CaMK-II along the cell cortex (arrows) and intracellular clusters (arrowheads), which
occasionally colocalize with the base of cilia. Scale bars: 10 µm. (F-H) The anti-P-T287
antibody reacts only with activated CaMK-II, as demonstrated by incubating ectopically
expressed zebrafish β1K CaMK-II with Ca2+/CaM for the indicated times and then
assessing (F) immunoreactivity with anti-P-T287 CaMK-II and an antibody reactive with
total CaMK-II. (G) CaMK-II autonomy, measured by peptide assay, and P-T287
immunoreactivity for a representative experiment. (H) When values from four
experimental replicates were compiled and plotted against each other, P-T287 CaMK-II
immunoreactivity (blot density) was proportional to autonomy.
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Figure 2.2
Left-sided CaMK-II activation is transient.
(A-E) The top row shows representative confocal immunofluorescent projections of PT287 CaMK-II (red) and cilia (green) at the three- (A), six- (B), 10- (C), 14- (D) and 18(E) somite stages. These projections of z-stacks were conducted as in Fig. 2.1 (12
somites) and are displayed at the same intensity. Scale bar: 10 µm. Middle row shows
KV morphology (asterisk) from the same dorsal perspective. Scale bar: 100 µm. Bottom
row shows the position of the KV (arrowheads) from the lateral perspective. (F) For
each stage (n=14-36 embryos per stage), the percentage of embryos and the number of
cells per embryo that exhibited activated CaMK-II was determined by inspecting zstacks. (G) The location of KV cells exhibiting activated CaMK-II was scored in one of
the four quadrants shown here and results can be found in Tables 2.1 and 2.2.
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Table 2.1
Activated CaMK-II levels in wild type embryos.
Activated CaMK-II is summarized at the indicated somite stages by the percentage of
embryos exhibiting activated KV CaMK-II (P-T287), the average number of activated
cells per embryo and their position.
Somite

Embryos

% embryos

# cells/embryo

% P-T287 cells

% P-T287 cells

Stage

(n)

with P-T287

with P-T287

on left

anterior

3

15

40

1.3

55

45

6

14

57

2.3

72

56

10

17

71

3.8

73

66

12

36

75

3.8

84

68

14

36

58

2.3

68

24

18

15

0

0.0

-

-
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Figure 2.3
Left-right asymmetry is lost in CaMK-II morphants.
(A) Lateral images of representative morphant embryos at 24hpf and of sox17-K43A
GFP CaMK-II cDNA-injected embryos at shield stage, 12 somites and 24 hpf include
fluorescent (GFP) images. (B) Organ asymmetry was scored for embryos injected with
5 ng mismatch, 1.5 ng camk2aKAP, 1.5 ng camk2b2, 1.25 ng camk2g1 MOs and 150
pg sox17-GFP-CaMK-II K43A cDNA; n=87-233 per condition. (C) Representative dorsal
views of camk2g1 morphant embryos stained with probes for cmlc2 (cardiac, 24hpf),
foxa3 (visceral organ, 48hpf) and lefty1 (epithalamus, ∼24 somites). (D) Ca2+/CaMdependent CaMK-II specific activity in pmoles/minute/mg were determined by peptide
assays on 24hpf lysates after injection with the indicated MO or cDNA.
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Figure 2.4
CaMK-II mRNAs are uniformly detected around the KV.
(A) αKAP encodes an alternative membrane-targeting domain. (B) Mouse and zebrafish
αKAP sequences. (C) Dorsal view of camk2aKAP, camk2b2 and camk2g1 in situ
hybridization at 12 somites. Asterisk indicates KV location.
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Figure 2.5
KV markers and cilia in CaMK-II morphants.
(A) Embryos were probed with ntl (10s), charon (12s) and anti-acetylated tubulin (Cilia10s) after injection with 5 ng mismatch (control), 1.5 ng camk2aKAP, 1.5 ng camk2b2 or
1.25 ng camk2g1 MO. (B) Cilia number and length were averaged from 105-201
embryos per condition; *P<0.005 compared with control.
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Figure 2.6
Spaw asymmetry is lost.
Left, bilateral, right or absent spaw expression was examined by in situ hybridization (as
shown in samples) in single and double morphants of camk2aKAP (1.5 ng), camk2b2
(1.5 ng), camk2g1 (1.25 ng), ryr3 (4 ng) and sox17-K43A CaMK-II (150 ng) at the 18-20
somite stage and is listed as the percentage of total embryos in each condition; n=39145. Control embryos include mismatch MO-injected (5 ng) or buffer-injected embryos.
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Figure 2.7
CaMK-II activation is disrupted in morphants.
Confocal immunofluorescent projections of P-T287 CaMK-II (red) and cilia (green) in
embryos at the 12-somite stage after injection with (A) 5 ng mismatch (control), (B) 1.5
ng camk2aKAP, (C) 1.5 ng camk2b2, (D) 1.25 ng camk2g1 MO, (E) 150 ng sox17-K43A
GFP-CaMK-II cDNA (inset is green fluorescence of cilia and GFP-CaMK-II around the
KV), (F) 4 ng ntl MO, (G) 4 ng pkd2 MO or (H) 4 ng ryr3 MO. Scale bar: 10 µm.
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Table 2.2
Relative levels of activated CaMK-II expression in morphants embryos.
Activated CaMK-II is summarized for all morphants by percentage of embryos exhibiting
activated KV CaMK-II, the number of cells per embryo and their position.

Embryos

% embryos

# cells/embryo

% P-T287 cells

% P-T287 cells

(n)

with P-T287

with P-T287

on left

anterior

control

36

75

3.8

84

68

camk2aKAP MO

19

21

2.0

47

33

camk2b2 MO

20

80

3.4

44

44

camk2g1 MO

21

29

0.9

25

10

sox17-K43A CaMK-II

18

33

1.9

57

61

ntl MO

33

0

0.0

0

0

pkd2 MO

21

43

1.3

60

48

ryr3 MO

43

58

2.4

48

34

Condition
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Figure 2.8
Model of CaMK-II activation in the KV.
(A) The KV is shown from a posterior cutaway view to demonstrate counterclockwise
fluid flow over ciliated cells. Four anterior interconnected cells are shown with activated
CaMK-II (pink) on the left wall of the KV. (B) Adjacent activated cells on the left side of
the KV (from A) show a sequence of (1) activation of cilia by fluid flow and/or
morphogen binding, (2) PKD2-dependent Ca2+ release via cilia and ER, (3) activation of
membrane targeted hetero-oligomers of αKAP and γ1 CaMK-II to activate further Ca2+
release via ryanodine receptors (RyR3), (4) Ca2+ diffusion to adjacent cells via gap
junctions (connexin), and (5) clustering of activated CaMK-II to induce (6) southpaw
processing or secretion.
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Figure 2.S1
Left-right asymmetry is lost in ryr3 morphants.
Organ asymmetry was scored for embryos injected with 4 ng ryr3 MO as in Fig. 2.3
(n=66-103 per condition).
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Chapter 3: Mechanism of CaMK-II action during left/right asymmetry
development

SUMMARY
For more than a decade, scientists have identified Nodal as an essential signal to
initiate the cascade of events necessary to establish left-right asymmetry (Mercola,
2003). Nodal belongs to the TGFβeta family of secretory proteins (Schier, 2009). These
secretory proteins are comprised of two domains: pro-domain and mature domain. In
order to become functional morphogens, Nodal proteins undergo a cleavage process
that is regulated by Spc1 and Spc4 (Schier, 2009).
Mouse contains a single Nodal gene (Collignon, Varlet, & Robertson, 1996;
Mercola, 2003). In contrast, zebrafish has three Nodal members: cyclops, squint and
southpaw (spaw), but only spaw is involved in the left-right asymmetric process (Long,
2003; Rebagliati, Toyama, Fricke, Haffter, & Dawid, 1998). In mouse embryos (during
establishment of the left-right axis) nodal is first expressed in the crown cells that
surround the node and subsequently in the left LPM (Saijoh, Oki, Ohishi, & Hamada,
2003). In the same way, spaw becomes first expressed in zebrafish around the KV cells
from 4-6 somite stages (ss), and from 10-12 ss, its expression appears in the left LPM
(Long, 2003). However, it remains unknown how Nodal/Spaw is transferred from the
node/KV

to

the

LPM.

Many

studies

have

attempted

to

solve

this
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long-standing mystery, but the lack of an antibody that detects Nodal impairs such a
quest. As an alternative approach, researchers have tagged Nodal with GFP between
the pro-domain and mature domain in order to visualize Nodal (Müller et al., 2012;
Sakuma et al., 2002).
Interestingly, Ca2+ is elevated specifically on the left side of the mouse node
(McGrath, Somlo, Makova, Tian, & Brueckner, 2003a; Y. Tanaka et al., 2005), and
zebrafish KV at the five- to eight-somite stage (Jurynec et al., 2008; Sarmah et al.,
2005) prior to nodal and spaw expression in the LPM, but subsequently to its
expression around the node/KV. Ca2+ elevation also follows the nodal flow that is
generated through ciliary beating in the node/KV (Hirokawa et al., 2006). Remarkably,
activated CaMK-II (P-CaMK-II) is found on the left side of the KV following Ca2+
elevation, and prior to spaw expression, in the LPM (Francescatto et al., 2010).
Surprisingly, suppression of at least three of these CaMK-II genes disrupts proper LRaxis formation. In particular, knockdown of γ1 and αKAP CaMK-II dramatically affects
spaw expression in the LPM (Francescatto et al., 2010). These results suggest a role
for CaMK-II in the induction of spaw expression in the LPM. In order to understand
Spaw processing from the KV to the LPM, this study followed previous research
performed on Nodal morphogens in mice (Sakuma et al., 2002). In addition, important
suggestions from Patrick Muller, at Harvard were considered. The study below
attempted to label Spaw with GFP between the pro- and mature-domains and analyze
whether CaMK-II influences its secretion from the KV to the LPM.
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NODAL/SOUTHPAW IS THE FIRST ASYMMETRIC GENE PRODUCT

Nodal is an important signaling molecule as it regulates the expression of crucial
genes (including its own) and it is involved in a number of tasks: development, cancer,
and ES cell maintenance (Schier, 2003; 2009). Nodal is a member of the TGFβeta
family of morphogens, since it can elicit responses in cells located far from its source
(Schier, 2009). Nodal signals are received by type I and II Activin receptors (ActRIB;
ActRIIA/B) and EGF-CFC co-receptors (Schier, 2009; Shen, 2007). Activin receptors
are serine/threonine kinases that upon Nodal binding phosphorylate Smad2 and
Smad3. Smad2/3 then interact with Smad4, forming a complex that translocates to the
nucleus and activates downstream genetic targets (Schier, 2009; Schier & Shen, 2000;
Shen, 2007). EGF-CFC family members are present throughout the animal kingdom as
One-eye pinhead (Oep) in zebrafish (Gritsman et al., 1999; J. Zhang, Talbot, & Schier,
1998), FRL1 in Xenopus, Cryptic in chick, and Cripto and Cryptic (Shen, Wang, &
Leder, 1997) in mouse and humans (Cheng, Olale, Bennett, Brivanlou, & Schier, 2003;
Schier, 2009; Shen, 2007; Shen & Schier, 2000). They are essential for Nodal signaling
and embryogenesis (Cheng et al., 2003). Nodal activity is modulated by extracellular
inhibitors, such as Cerberus and Lefty1 (Shen, 2007). Whereas Lefty1 antagonizes
nodal signals by interacting with EGF-CFC co-receptors or by binding to Nodal (Sakuma
et al., 2002), Cerberus inhibits nodal signaling through direct interaction with Nodal
ligands (H. Hashimoto, 2004; Piccolo et al., 1999).
Nodal proteins consist of two domains: pro- and mature-domain. At the Nterminus of the mature domain resides a cleavage site that is recognized by
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convertases, such as Spc1 and Spc4 (Schier, 2009; Shen, 2007). Nodal can be
secreted and processed extracellularly. It has been shown that the prodomain increases
nodal stability and signaling range, while intensive proteolytic activity induces local
signaling (Le Good et al., 2005). In addition, addition of an N-glycosylation site in the
nodal protein is also able to increase its stability (Le Good et al., 2005). However, it is
unclear how nodal processing, stability and movement occurs, and could vary
depending on the need or presence of the pro-domain.
Despite its role in the LR patterning, Nodal is also known to induce mesoderm
and endoderm formation during embryogenesis (Schier & Shen, 2000; Shen, 2007). In
zebrafish, Cyclops and Squint are Nodal genes responsible for this role (Shen, 2007).
On the other hand, Southpaw, the first known gene product to exhibit sidedness in the
LPM, regulates LR axis formation (Long, 2003). Southpaw is first expressed bilaterally
in cells surrounding the KV, and then propagates to the LPM through an unknown
mechanism (Long, 2003). Propagation of southpaw occurs progressively in a caudal to
rostral manner and as a consequence induces the expression of downstream targets:
spaw, pitx2, lefty1 and lefty2 (X. Wang & Yost, 2008).
As previously mentioned, suppression of three CaMK-IIs (αKAP, β2, and γ1), in
zebrafish embryos, by morpholino injections, causes randomization of visceral organs
across LR axis (Francescatto et al., 2010). In addition, CaMK-II suppression
dramatically affects spaw expression in the LPM (Figure 3.1), particularly αKAP and γ1
CaMK-II morphants. It has been proposed that Spaw secretion is induced by CaMK-II
through Synapsin I (Francescatto et al., 2010). Although many studies have
emphasized a role for Synapsin I in neuronal activity, this protein is also found in non-
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neuronal cells, particularly in the trans-Golgi compartment of epithelial cells (Bustos et
al., 2001). In vitro studies have demonstrated that Synapsin I is a substrate for CaMK-II
phosphorylation at Ser603 (Nayak et al., 1996). Upon phosphorylation, Synapsin I
disassociates from synaptic vesicles, enabling them to secrete their contents. One
mechanism by which CaMK-II may regulate Spaw secretion is through Synapsin I.
To understand the function of CaMK-II during LR-axis patterning, it is important
to determine whether and how CaMK-II influences Spaw expression in the LPM. Similar
to other findings, expression of spaw in the area surrounding the KV in CaMK-II
morphants is not affected (Gourronc et al., 2007). Spaw or nodal, located perinodally, is
thought to travel to the LPM through an unknown mechanism. GDF1, also a member of
the Nodal family, forms dimers with Nodal and thus, is thought to help Nodal cross the
barrier of cells that lies between the node and LPM (Cheng et al., 2003; C. Tanaka,
Sakuma, Nakamura, Hamada, & Saijoh, 2007). Currently, there are no antibodies
available to detect Nodal or related proteins. This is partially due to Nodal instability and
its high turnover activity: secreted Nodal is readily cleaved and degraded (Le Good et
al., 2005). As previously mentioned, Nodal protein has two domains: the pro-domain
and the mature domain (Schier, 2009). In order to understand how Nodal works, several
labs have tagged Nodal or related proteins with GFP (Müller et al., 2012; Sakuma et al.,
2002) or DsRed (Williams, Hagemann, González-Gaitán, & Smith, 2004) between the
pro- and the mature-domain. In the same way, we have attempted to generate a spawGFP fusion construct also to determine the function of Synapsin I in zebrafish embryos.
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METHODS AND MATERIALS

Construction of Spaw-GFP Fusion
A full-length zebrafish spaw clone was obtained from Open Biosystems. The
Tombes lab established a collaboration with Patrick Mueller, from Alexander Schier’s
lab at Harvard, to prepare this construct: pCS2_Kozak_spaw-GFP_2aa. A sequence
encoding GFP was inserted two amino acids downstream of the Furin cleavage site
(RRHKR), between the pro- and mature-domains of Southpaw. A schematic spaw-GFP
fusion construct is demonstrated in Figure 3.2. In order to generate this construct, the
PCR splicing method was used. The pro-domain, mature domain, and GFP were
amplified separately and spliced together by PCR using overlapping overhangs. Spaw
prodomain

was

amplified

(tcgaattcgccaccatgcagccggtcatagcgtgc)
GFP:

using
and

the

following

(ggtaccggtggatccacggtttcgtttgtgtctccg;

(gtggatccaccggtaccaccatggtgagcaagggcg)

(catcctttccacggatcccttgtacagctcgtccat);

primers:

mature

and
domain:

agctgtacaagggatccgtggaaaggatgcgcatgac and ggctcgagtcaatgacagccgcactcctccacgatc.
Individual fragments were amplified (Appendix A1), loaded into a 1% agarose gel. All
fragments, spaw pro-domain, GFP and spaw mature-domain, were successfully
amplified separately by PCR amplification (Figure 3.3.1A). PCR pro-domain is
comprised of 849 bp, while the mature domain is only 384 bp; GFP contains 723 bp.
Fragments of correct size were gel purified (Mo Bio Laboratories). All three fragments
were spliced together through a PCR splicing method (Appendix A2), and the final
product was 1956 bp (Figure 3.3.1B). This fusion construct was cloned into TOPO/TA
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vector (Invitrogen) (Figure 3.3.2) and subcloned from TOPO/TA into pFRM2.1 vector via
EcoRI restriction sites.
Ideally, this construct should be transferred into a vector that contains the sox17
promoter to drive expression in KV cells. The sox17 promoter has been used to drive
K43A CaMK-II expression to KV cells and works efficiently (Francescatto et al., 2010).

Analysis of Spaw
The GFP-Spaw fusion construct under the β-actin promoter (pFRM2.1 vector)
was injected into 1-4-cell stage embryos. At 24hpf, embryos were visualized under a
fluorescent microscope. GFP was observed throughout the embryo. Only 20% of the
embryos survived beyond 24hpf with severe developmental defects (data not shown).

Synapsin I Gene Identification
The identification of the zebrafish synapsin I gene was determined through a
search for Synapsin I in Ensembl and NCBI. There is one synapsin I gene in mammals.
Only one Synapsin I gene was identified in chromosome 8. Synapsin I gene is
comprised of 2001 bp nucleotides (Appendix B), which encode for 661 amino acids (Fig.
3.4). Zebrafish Synapsin I protein is ~55% conserved between human Synapsin I
protein.

Construction of Synapsin I
Synapsin was amplified with a sense (atgaattacctgcgacgtcgactatc) and antisense
(ttattccacggagaagaggcttgc) primers from zebrafish 14 somites stage cDNA and cloned
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into the TOPO/TA vector (Invitrogen) (Fig. 3.6). Clones were purified and verified using
restriction enzymes.

Zebrafish Strains and Care
Wild type AB embryos were obtained through natural mating, raised at 28.5°C
and staged as described (C. B. Kimmel et al., 1995).
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RESULTS AND DISCUSSION

Many morphogens have been characterized in both invertebrate and vertebrate
systems, such as the Sonic Hedgehog (Shh) and Nodal family (Mehlen, Mille, & Thibert,
2005). Nodal is a morphogen, and like many secreted ligands, its existence is brief.
Nonetheless, its existence is sufficient to elicit responses distant from its source in a
concentration dependent manner (Kodjabachian, 2001; Mehlen et al., 2005).
Morphogens can also act nearby on neighboring cells. Short lifespans challenge
researchers to study morphogens in vivo. Antibodies that have been developed so far
have not worked. In addition, as Nodal travels, it not only activates positive regulators
but also repressors along the way, such as Lefty2, which acts as a negative feedback
regulator.
To become morphogenic, Nodal members undergo cleavage by convertase
proteins, Spc1 and Spc4 homologous, on a site between the pro- and mature-domain.
Although studies have demonstrated that the removal of the pro-domain from Nodal,
impairs its signaling range and stability (Le Good et al., 2005), two groups have
constructed Nodal-GFP fusion proteins, placing GFP between the pro- and maturedomains, following the cleavage site (Müller et al., 2012; Sakuma et al., 2002). This
assures that the mature Nodal protein is tagged and can be visualized. Both
experiments successfully reported GFP and therefore, nodal signaling throughout its
journey. The mechanism of Nodal secretion from the node or KV to the LPM has been
challenging to understand. Likewise, in an attempt to visualize this movement from the
KV to the LPM, I have created a Spaw-GFP fusion protein.
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In order to successfully obtain a Spaw-GFP fusion protein that is properly
processed, the fluorescent protein needs to be inserted in the correct location. Incorrect
placement of the fluorescent protein can alter the protein signaling activity and its range
(Le Good et al., 2005). Since it is unpredictable where this takes place, many constructs
have to be screened. In fact, Schier’s lab has reported cases in which a dominantnegative construct or fusions with reduced activity have been generated (Müller et al.,
2012).
We inserted GFP two amino acids downstream of the Furin cleavage site, as
demonstrated in Figure 3.2. This was the first, and only, fusion construct tested.
Unfortunately, this construct was only expressed under an ubiquitous promoter
(pFRM2.1) (data not shown), because it could not be successfully transferred to other
vectors. Embryos injected with this construct expressed GFP, but presented severe
defects and did not survive past 24hpf. Perhaps Spaw-GFP fusion construct behaved
as a dominant-negative Spaw. Since Nodal proteins are important during the first hours
of development, this construct could have interfered with this process, explaining the
severe defects and lethality seen by 24hpf. Alternatively, Spaw could be tagged with
GFP or DsRed at the N-terminus. The construction of Spaw with GFP between pro- and
mature-domains along with DsRed at the N-terminus site could potentially help to
determine whether cells that travel from KV to LPM required pro-domain or just the
mature protein.
As previously mentioned, Synapsin I is a good candidate to connect CaMK-II with
Southpaw. The rationale was to create a mutated phosphomimetic (Ser306 mutated to
Ser-306-Asp (S306D)) and unphosphorylated Synapsin I (Ser306 mutated to Ser-306-Asp
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(S306D)). These types of constructs are predicted either to reduce the catalytic activity of
Synapsin I or to maintain this protein in an active state (phosphomimetic). A zebrafish
Synapsin I sequence was found and cloned into TOPO TA vector. However, it was
never moved to a vector in which it could be overexpressed in zebrafish embryos. Overexpression of Synapsin I was predicted to facilitate Spaw diffusion to the LPM, as the
model suggests (Francescatto et al., 2010). In contrast, injection of unphosphorylated
Synapsin I along with Spaw-GFP fusion construct should yield a similar outcome as coinjection of CaMK-II morpholinos with Spaw-GFP fusion construct.
Therefore, this study remains an open and fascinating, but unsolved quest. In the
field of left-right asymmetry, many questions need to be addressed. Nodal transport
from the node or KV to the LPM is one of them. Perhaps in a few years different
techniques will enable the visualization of the behavior of the transient protein named
Nodal.
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FIGURES

Figure 3.1
Spaw asymmetry is lost in CaMK-II morphants.
Left, bilateral, right or absent spaw expression was examined by ISH (as shown in
samples) in single and double morphants of alpha1KAP, camk2b2, and camk2g1 at 1820 somites and is listed as the percentage of the total embryos in each condition. n= 39145. Control embryos include mismatch MO injected as well as buffer injected embryos.
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Figure 3.2
Spaw-GFP fusion construct.
Spaw pro-domain (blue), located at the n-terminal, is comprised of 277 amino acids,
while the pro-domain (red) in comprised of only 126 amino acids. GFP (green) was
inserted two amino acids downstream the Furin cleavage site (purple).
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Figure 3.3.1
PCR amplification of spaw pro-domain, GFP, spaw mature-domain, and spawGFP-fusion construct.
Individually amplified spaw pro-domain (lane 2), GFP (lane 3), and spaw mature-domain
(lane 4) are shown in Fig 3.1A. Spaw-GFP fusion construct is comprised of ~2000bp
(Fig 3.1B). 10% of final PCR products were analyzed by 1% agarose gel
electrophoresis and stained with ethidium bromide. Standard size marker (Fermentas).
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Figure 3.3.2
Spaw-GFP fusion construct was cloned into TOPO/TA vector.
Spaw-GFP fusion product in TOPO/TA was digested with EcoRI. Two EcoRI cut sites
flank the PCR product. Restriction digest product was analyzed by 1% agarose gel
electrophoresis and stained with ethidium bromide. Standard size marker (Fermentas).
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Figure 3.4
Synapsin I protein.
Zebrafish Synapsin I gene I is encoded by 611 amino acids.

MN Y L R R R L SD SN FM SN L PN GYMGD L Q R PD P PQQ S P A P V L S PG SQ E R RQ P A P SQ S T GA G F F
S S I SN A V KQ T T A A A A A T F N EA T E RG I G SGN A K I L L V I D DQQ T DWA K V F KGK K V H GD CD I K
V EQAD F S E V N L V AH A T G S Y S V D I EA I R SGN K I T K C I K PD F V L V RQH A F SMA KN GD H RN I V
I G L Q Y A G L P S V N S L H S V Y N F CD K PWV F SQ L S R L Y KQ L G P E E F P L I DQ V Y Y PN H K EM I T T P
G F P V V V KMGH AH SGMGK V K V D NQ Y D FQD I A S V V A L T K T Y A T S E P F I D A K Y D I R I Q K I G EN
Y KA YM R T S I SGNWK T N T G SAM L EQ V AM SD R Y RMWV D V C S E V F GG L D I CA V EA L H GKD GRD
Y I I E V V GC SM P L I GDQQD ED RA LMAD L V V A KMN E T V P R T SA P T T V R SQG P A V S PQ P I SQ S
R V PQAQQ R P P PQGG PQQA A A S T A A T RQGA P PQQ R P S PQGQ P P AQ SQ S V T S P I AQN P P AQQ
P R PNQ P PQ RQA SQG SA A PQ R P P A AQ I P AQ RG S PQ SQ RQGG PQQGG PQ T GGQ S P K P A GQ PQ
Q R PQQ P RQGQ P T RQ P T QGG PQQ T QD A PQ P A PQG S P R P P T T QQ P R P T A PGQGG PGGT R P P L
QQ K PQ P PQ K P S PD H P A L SG S PQ L N K SQ S L T N T F N I P E T P A AQHQ S P SQD EA KA E T I RN L R
K S F A S L F SV E *
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Figure 3.5
Synapsin I protein conservation.
Full length zebrafish Synapsin I and human Synapsin I proteins share ~55% of amino
acids.
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Figure 3.6
PCR amplification of Synapsin I.
Synapsin I full length is comprised by ~2001 bp. 10% of final PCR product was
analyzed by 1% agarose gel electrophoresis and stained with ethidium bromide.
Standard size marker (Fermentas).
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Chapter 4: Kif2C is essential for the development of ciliated organs in zebrafish
embryos

SUMMARY

Although CaMK-II has been identified in the ciliary proteome, there is no report
demonstrating CaMK-II’s influence on ciliogenesis (Gherman et al., 2006). Cilia have
been implicated in a diversity of congenital diseases including heterotaxia and
polycystic kidney disease (PKD) (Bergmann, 2012; Eggenschwiler & Anderson, 2007;
S. Huang et al., 2009b). Studies in different model organisms have demonstrated that
cilia are present in the laterality organ, Kupffer’s vesicle (KV), zebrafish kidney, inner
ear, and other organs (Kramer-Zucker, 2005). Improper cilia formation and function in
these organs compromises normal LR asymmetry, kidney and inner ear development,
among other developmental defects (Essner, 2005; McGrath, Somlo, Makova, Tian, &
Brueckner, 2003b).
An interesting phenotype observed in zebrafish embryos upon suppression of
CaMK-II genes, was their influence on cilia number and length in the KV and in the
cloaca (Francescatto et al., 2010; Rothschild et al., 2011). In fact, cilia number and
length are diminished in CaMK-II morphants, suggesting a role for CaMK-II in the
process of ciliogenesis (Francescatto et al., 2010). To understand a role for CaMK-II in
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ciliogenesis, we searched for potential downstream targets. A promising target was
Kif2C, a member of the Kinesin 13 family.
Unlike other Kinesins proteins, Kinesin 13 proteins have a role in the
depolymerization of microtubules (Diez, 2011; Moores, 2006). Kinesin 13 members
have been implicated in the control of the flagellar length in the protozoan Leishmania
major (Amack et al., 2007; Blaineau et al., 2007); flagella assembly and disassembly in
Chlamydomonas (Bisgrove et al., 2005; Piao et al., 2009; Schottenfeld et al., 2007);
and, regulation of the flagella length control in Trypanosoma brucei (Chan & Ersfeld,
2010; McGrath, Somlo, Makova, Tian, & Brueckner, 2003b). In particular, MCAK or
Kif2C is responsible for the proper assembly of the bipolar spindle during cell division
(Moores, 2006; Rothschild et al., 2009). Previous studies have also demonstrated that
proper mitotic spindle formation requires both Kif2C and CaMK-II γ (Holmfeldt, Zhang,
Stenmark, Walczak, & Gullberg, 2005; Jurynec et al., 2008).
The role of Kif2C in zebrafish has never been explored, but could potentially
explain cilia shortening seen in CaMK-II morphants. This hypothesis is also favored by
the fact that P-CaMK-II diminishes as cilia disassemble, implying a role for CaMK-II in
cilia stability (Francescatto et al., 2010; Zalk et al., 2007). This chapter highlights novel
findings regarding Kinesin 13, Kif2C, in zebrafish embryos.
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INTRODUCTION

Impaired cilia formation and function accounts for a plethora of human
syndromes known as “Ciliopathies”. These disorders include single organ deficits such
as polycystic kidney disease to multiple organ dysfunctions such as laterality defects
(Bergmann, 2012). Cilia are protrusions from the cell membrane that regulate important
biological processes (Eggenschwiler & Anderson, 2007). Assembly of the ciliary
complex is accomplished by the work of many components. For example, Kinesins are
crucial ciliary components that are known to mediate the transport of cargo proteins
within the cytoplasm to the cilium, among other functions (Daire & Poüs, 2011;
Hirokawa & Noda, 2008).
The Kinesin family of proteins are all microtubule binding proteins (Verhey &
Hammond, 2009). All Kinesins share a common conserved motor domain, but each
Kinesin exerts a different function (Daire & Poüs, 2011; Verhey, Dishinger, & Kee,
2011). Kinesins are divided into three groups based on the position of their motor
domain. N-terminal and C-terminal Kinesins are usually cargo carriers that transport
molecules to the plus and minus end of microtubules, respectively. Their motor domain
resides either on the N-terminal or C-terminal. On the other hand, Kinesins containing a
centralized motor domain are known to depolymerize microtubules (Moores, 2006). One
subgroup within the Kinesin family, characterized by a central localized motor domain
as opposed to an N-terminal motor domain, includes Kinesin 13 members (Moores,
2006; Tanenbaum, Medema, & Akhmanova, 2011). While most Kinesins are motile and
function

as

molecular

cargo

carriers,

Kinesin

13

family

members
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have evolved to depolymerize microtubules (Manning et al., 2007). In humans, the
Kinesin 13 includes four protein members: Kif2A, Kif2B, Kif2C (MCAK), and Kif24
(Kobayashi, Tsang, Li, Lane, & Dynlacht, 2011; Manning et al., 2007; Tanenbaum et al.,
2011). The best studied is Kif2C. Kif2C contains a localization, neck, motor and coiledcoil containing domains (Moores, 2006). In the motor domain lies the microtubule
binding and ATP sites (Moores, 2006). Kif2C is known to depolymerize microtubules
during cell division and it is controlled upon phosphorylation by Aurora A and B, and
polo-kinases (PLK1) (Tanenbaum et al., 2011). While Kif2A and Kif2C have reported
roles during mitosis, Kif2B function is not well characterized (Manning et al., 2007).
Kif24 appears to be involved in centriolar length and ciliogenesis (Kobayashi et al.,
2011).
Studies in non-vertebrate and single-celled model organisms have revealed
much about Kif2C function, particularly novel findings regarding flagella assembly and
disassembly. One example is Chlamydomonas, an extensively studied model organism
used to study flagellar composition, formation, and resorption. The flagellum is an
organelle structurally and functionally similar to the cilium. Chlamydomonas contains
one Kinesin 13 member, CrKinesin-13 (Piao et al., 2009). Piao’s group has shown that
CrKinesin-13 modulates flagellar assembly. In addition, CrKinesin-13 was localized
along the flagellum during flagellar disassembly and contributed to flagellar resorption.
Likewise, studies in Leishmania major have shown that a Kinesin 13 member,
LmjKIN13-2, localizes to the flagellum and regulates its length (Blaineau et al., 2007).
Leishmania major is a flagellated unicellular eukaryotic organism (protozoa).
Interestingly, over-expression of this protein is associated with shorter flagellar length in

85
L. major cells, while downregulation is seen with longer flagellar length (Blaineau et al.,
2007). Two other uniflagellar protozoa have also contributed to the current knowledge
about Kinesin 13 proteins. In Giardia intestinalis, Kinesin regulates flagellar length and
interphase microtubule dynamics (Dawson et al., 2007), while in Trypanosoma brucei, a
Kinesin 13 member, TbKifl3-2, appears to control flagellar length only (Chan & Ersfeld,
2010). Furthermore, in Drosophila Kinesin 13 is encoded by two protein members:
KLP10A and KLP59C (Delgehyr et al., 2012; Rath et al., 2009). KLP10A promotes
depolymerization of centriolar microtubules (Delgehyr et al., 2012).
Although Kif2C has been extensively studied in single-celled eukaryotic
organisms, there are no reports detailing its function during vertebrate development.
Zebrafish offer several advantages to quickly assess Kif2C roles during vertebrate
development, such as transparency, high numbers of embryos and rapid development.
The role of Kif2C in zebrafish has never been explored, but could potentially explain
cilia shortening in the KV and cloaca seen in CaMK-II morphants. Furthermore, inactive
(K43A) CaMK-II is a Kinesin 13 binding partner in zebrafish embryos at 72hpf
(unpublished data). This study presents a novel finding, reporting the need of Kif2C
during ciliogenesis in zebrafish embryos. Suppression of Kif2C leads to developmental
defects characterized as ciliopathies: loss of heart asymmetry, otolith defects and the
formation of pronephric cysts.
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MATERIALS AND METHODS

Zebrafish strains and care
Wild type AB embryos were obtained through natural mating, raised at 28.5°C
and staged as described (C. B. Kimmel et al., 1995).

Genomic Identification
Zebrafish Kif2C sequence was obtained through a search of the zebrafish
genome in Ensembl.org and NCBI. One Kif2C gene was identified on chromosome 2,
with

accession

number

and

GenInfo

sequence

identification

numbers

(gi):

NM_001114593.1 and gi:167621553.

Kif2C Constructs
Full length Kif2C was prepared by PCR of a 24hpf zebrafish cDNA. Kif2C primers
were:

5’-CGCTCCGGAATGGACCCCGCTTTGTCGAAAC-3’

and

5’-

CCGACTAGTTTAGTTTGGTGACATTCTGACCC-3’, and included BspEI and SpeI
restriction enzyme sites, respectively. These primers amplified a 2070 base pair
fragment. This PCR fragment was digested with BspEI and SpeI, and directionally
inserted into the pFRM2.1 vector (under the control of the carp β-actin promoter) tagged
with FLAG-GFP at the N-terminus. Kif2C Flag-GFP in pFRM2.1 vector was digested
with EcoRI and SpeI and subcloned into the pENTR vector. The pENTR vector is part of
the Gateway cloning system (Invitrogen), which is used to facilitate cloning reactions.
Once in the pENTR vector, gateway cloning was performed (Invitrogen). The final
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gateway vector contained Kif2C Flag-GFP under the sox17 promoter as previously
described (Francescatto et al., 2010).

Morpholino and cDNA injections
Morpholino anti-sense oligonucleotides (MO’s) were obtained from GeneTools
(Eugene, OR) and were injected into 1- to 4- cell stage embryos. Two morpholino were
tested: a translation blocking Kif2C MO: 5’-GGGTCCATCTCAGGTATTATTTTGT-3’;
and

a

splice

blocking

Kif2C

MO:

5’-CAGATGTTCTGGTATAAAGTGAGAC-3’.

Morpholino stocks (1 mM) were stored at –80°C. Prior to injection, MO aliquots were
heated to 65°C for 5 minutes, cooled to room temperature and then diluted in Danieau
buffer (X. Wang & Yost, 2008; Westerfield, 1993).
To verify efficacy of the splice blocking MO, 24hpf embryos were first sorted based
on heart positioning across the midline and RNA was extracted from control, lefthearted and right-hearted morphants. Primers that bracketed the splice blocking
morpholino region were used to amplify products from control and morpholino injected
(left or right) cDNA (data not shown).
cDNA constructs, Kif2C pFRM2.1 and sox17 Kif2C, were injected separately into
one cell stage embryos at a constant injection volume of 1nl.

Whole mount in situ hybridization
A Kif2C antisense probe was amplified (538bp) from the motor domain region,
and encodes: “DLCPYVTFFEIYNGKVFDLLNKKTKLRVLEDEKQQVNVVGLQEVPVSC
VDDVIKMIERGSACRTSGQTFANASSSRSHAILQVILRRRNFLYGKFSLVDLAGNERGT
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DVSSNDRHTIVETAEINRSLLALKECIRSLGQNSEHIPFRMSKLTQVLRDSFIGENSRTC
MIAMISPGMSSC.” PCR primers, which bracketed the motor domain region, included a
sense primer (5’-GGACCTGTGCCCATATGTCACC-3’) and antisense primer (5’CACAAGAGCTCATGCCAGGTGAG-3’). The PCR fragment, amplified from 24hpf
zebrafish cDNA, was cloned into TOPO/TA vector and linearized using SpeI.
Digoxigenin-labeled antisense probe was synthesized using T7 from linearized
TOPO/TA vector as previously described (Francescatto et al., 2010; Maier & Bers,
2007). Embryos were fixed in 4% paraformaldehyde at room temperature for 4 hours
and moved to 100% methanol for storage. After sequential washes to rehydrate
embryos, they were incubated at 65°C with the Kif2C probe. Anti-digoxigenin antibodies
conjugated with alkaline phosphatase antibody were used and developed with
NBT/BCIP as substrate. The probe used to analyze heart asymmetry patterning was
cmlc2 as previously described (Francescatto et al., 2010; Rothschild et al., 2007; 2009).

Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde/PBS (Phosphate-buffered saline) at
4°C for ~12 hours and stored in 100% methanol at -20°C for 48 hours. Embryos were
hydrated in a stepwise manner including Ethanol and PBTX (Phosphate-buffered saline
+ Triton X-100). After re-hydration, embryos were incubated/blocked in 10% goat serum
(Sigma) for 1 hour in PBTX. Following block, embryos were incubated with rabbit antiphospho-T287 (Millipore, 1:20), mouse anti-acetylated α-tubulin (Sigma Chemical Co,
1:500), mouse anti-γ-tubulin (Sigma Chemical Co, 1:250), for 24 hours at room
temperature. After washing in 2% goat serum in PBTX, embryos were incubated with
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either goat anti-mouse Alexa488, goat anti-mouse Alexa568, or goat anti-rabbit Alexa568
(Invitrogen, 1:500). Embryos were washed with PBTX and stored in 50% glycerol in
PBTX for imaging. Images were taken using confocal microscopy (Nikon C1 Plus twolaser) on a Nikon E-600 compound microscope using a 20X dry, 40X dry or 100X oil
immersion objective.

Vibratome Sectioning
Zebrafish embryos were fixed in 4% paraformaldehyde at 4°C for ~12 hours and
washed several times in PBTX. Embryos were incubated in 10 µg/ml propidium iodide
(Sigma) and Alexa-Fluor488 phalloidin (Invitrogen, 1:500) for 24 hours at room
temperature. After washes with PBT, embryos were embedded in 5% low melting point
agarose (Sigma) and sectioned (100 µm) using a Leica VT1000P vibratome. Sections
were mounted in 50% glycerol in PBT (Phosphate-buffered saline + Tween-20) between
coverslips and imaged using confocal microscopy (Nikon C1 Plus two-laser) on a Nikon
E-600 compound microscope using a 10X and 20X.

High Speed Video Microscopy
Live embryos were imaged using differential interference contrast optics after
transient anesthesia with 0.003% Tricaine (MS222, Sigma) and immobilization between
coverslips or in low melting point agarose. Ciliary motility was imaged in the Kupffer's
vesicle of live anesthetized embryos using a NIKON 60X water immersion Plan APO
objective with DIC optics and 30 frames per second acquisitions. Lengths of cilia in fixed
embryos

were

determined

from

anti-acetylated

α-tubulin

whole-mounts

using
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quantitative length algorithms in Nikon Elements in three to four experimental replicates
for at least ten embryos per replicate and ∼20 cilia per embryo. Statistical analyses
were performed using the paired t-test. Statistically significant differences are denoted
by an asterisk and indicated P-values.
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RESULTS

Identification of the zebrafish Kif2C gene
The identification of the zebrafish Kif2C gene was determined through a search
of the zebrafish genome for Kif2C in Ensembl and NCBI. There is a single Kif2C gene in
mammals, also known as MCAK (Manning et al., 2007). Although there can be two
transcriptionally active genes in zebrafish for every gene found in mammals, due to a
genome wide duplication event in the teleost lineage (Hirokawa et al., 2006;
Postlethwait, Amores, Cresko, Singer, & Yan, 2004), we have identified only one Kif2C
gene in zebrafish (Fig. 4.1.1B and Appendix C). Even though the zebrafish genome is
almost complete, exhaustive searches failed to identify another Kif2C gene. An amino
acid sequence alignment between four species: Homo sapiens, Mus musculus,
Xenopus laevis, and Danio rerio revealed that the motor domain is 72-95% conserved
among these species (Fig. 4.1.2) as predicted for Kinesin proteins. In the motor domain
lies the microtubule binding and ATP sites.

Embryonic localization of Kif2C
In situ hybridization was performed to localize Kif2C during the embryonic
development of zebrafish. Zebrafish embryos were fixed and stained at different
developmental stages ranging from the “high” stage (4hpf) to 3dpf (Fig. 4.2). The Kif2C
probe contains ~600bp of conserved sequence encoding the motor domain region of
Kif2C. Kif2C is ubiquitously expressed throughout the zebrafish embryo. Interestingly,
Kif2C is expressed within some ciliated organs. At the 12 somite stage (ss), Kif2C is
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present in the Kupffer’s vesicle (arrow head). At the 24-, 48-, and 72hpf, Kif2C appears
in the pronephric duct (outlined box) and also in the otic vesicle (arrow).

Kif2C morphants develop heart asymmetry defects
In order to understand the function of Kif2C during development, we used the
standard morpholino knockdown strategy. I first developed a splice blocking morpholino
(SMO) against an exon spanning the motor domain region. The splice blocking
morpholino was predicted to cause a stop codon, and therefore should only produce a
truncated protein. This truncated protein should lack the ATP and microtubule binding
sites. The splice blocking morpholino was injected at different concentrations. The
developing morphant embryos were analyzed for phenotypes reminiscent of a zebrafish
ciliopathy: loss of heart asymmetry, kidney cysts, and otolith defects. I observed no loss
of heart asymmetry at any concentration of MO (Fig. 4.3A). The expression pattern of
this gene in early development suggests the presence of maternal RNA deposits in the
embryo. This could explain the absence of developmental defects upon usage of a
Kif2C splice blocking MO, which would only affect new zygotic expression.
In order to knockdown Kif2C more efficiently, we used a translation blocking MO
(TMO). This morpholino interferes with translation of both maternal and zygotic Kif2C
mRNA. Zebrafish embryos were injected at the 1- to 4-cell stage with Kif2C TMO
(3.5ng) or a control MO (3.5ng). At 24hpf, embryos were visualized to determine heart
asymmetry. In wild type embryos, the heart “jogs” to the left side of the embryo at 24hpf
and undergoes looping at ~36 hpf. Knockdown of Kif2C with translation blocking
morpholino causes loss of heart asymmetry (Fig. 4.3B).
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Overexpression of Kif2C causes heart asymmetry among other developmental
defects
Although rescue experiments confirm the specificity of a gene when it is knocked
down by a morpholino, in some cases, overexpression can also cause similar effect to
suppression. In fact, Kif2C overexpression causes developmental defects. Injection of
Kif2C under pFRM2.1 was lethal in 50% of the embryos. In addition, it causes heart
asymmetry defects in a concentration dependent manner in the remaining embryos
(Fig. 4.4A). Likewise, injection of Kif2C under sox17 promoter also causes a loss on
heart asymmetry (Fig. 4.4B).

Kif2C is required for proper otolith development
Otoliths are biomineralized CaCO3 deposits formed on immotile “tether” cilia with
the assistance of beating cilia within the otic vesicle (Tanimoto, Ota, Inoue, & Oda,
2011). In zebrafish, embryonic otoliths serve as hearing and balance sensors. Wild type
embryos develop two otoliths within each otic placode by 72hpf: a smaller (anterior) and
larger (posterior) otolith (Fig. 4.5C). At 72hpf, 96% of control embryos developed in this
fashion. In contrast, in Kif2C morphants 20% of the embryos exhibited two small otoliths
(Fig. 4.5D), 33% two fused and one small otolith (Fig. 4.5E), and 33% had an ectopic
otolith (Fig. 4.5F) as demonstrated in the graph below (Fig. 4.5G).
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Suppression of Kif2C induces pronephric cysts formation
Finally, we analyzed cyst formation in Kif2C morphant embryos. In zebrafish, two
pronephric ducts and a glomerulus constitute the larval kidney. Two pronephric tubules
connect the glomerulus to the pronephric ducts, which run caudally and fuse at the
cloaca (Drummond, 2005; Drummond & Davidson, 2010). Under normal development,
zebrafish embryos have functional kidneys without the formation of cysts (Fig. 4.6A). In
contrast, we observed that 85% of Kif2C morphants developed pronephric cysts by
72hpf in the glomerular region (Fig. 4.6B, asterisks). These bilateral pronephric cysts
were also detected through cross sections adjacent to the glomerulus (Fig. 4.6C-D,
asterisks).

Kif2C is required for cilia assembly in the KV and cilia maintenance in the cloaca
In zebrafish, the Kupffer’s vesicle, otic vesicle and pronephric duct, including the
cloaca, are all composed of ciliated cells (Essner, 2005; Kramer-Zucker, 2005). While
KV and cloaca contain monociliated cells (Essner, 2005; Kramer-Zucker, 2005;
Rothschild et al., 2011), the pronephric duct has multiciliated cells. Improper
ciliogenesis has been implicated with heart asymmetry defects and the formation of
pronephric cysts within the glomerulus (Gascue, Katsanis, & Badano, 2011; KramerZucker, 2005). Since Kif2C was detected around the KV and within the pronephric duct,
we investigated whether these two organs were affected in Kif2C morphants. To
determine whether Kif2C suppression affects ciliogenesis, we labeled KV cilia with an
acetylated tubulin antibody (Fig 4.7A-B). Injection of 3.5ng Kif2C morpholino led to KV
cilia shortening. Control embryos exhibited an average length of 3.85 ±0.62µm cilia,
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while Kif2C morphants exhibited an average cilia length of 3.25 ±0.67µm (Fig. 4.7C). An
average of 310 ciliated cells were counted within three different experiments.
To investigate whether the injection of the Kif2C morpholino affects ciliogenesis
in the pronephric duct, cilia were stained with an acetylated tubulin antibody (green) and
counterstained with a γ-tubulin antibody (red), that label the basal bodies. Cilia are
present throughout the pronephric duct at 24hpf in control (Fig. 4.7.2A) and Kif2C
morphants (Fig. 4.7.2B) and persisted until 72hpf (data not shown). Cilia were also
evaluated in cloacal cells at 24-, 48-, and 72hpf. Although cilia were present at 24- and
48hpf in control (Fig. 4.7.2 C-E) and Kif2C morphants (Fig. 4.7.2 D-F), cilia were greatly
shortened at 72hpf in Kif2C morphants (Fig. 4.7.2H). On average, eight ciliated cells
were present in control embryos, while three cilia were remaining in Kif2C morphant
embryos (Fig. 4.7.2G-I). Remaining cilia measured 2.32 ±0.2µm in control embryos, and
1.89 ±0.51µm in Kif2C morphants (Fig 4.7.2I). Cilia present in the KV, pronephric duct,
and cloaca are motile in control and in Kif2C morphant embryos (data not shown).

Activated CaMK-II is upregulated in Kif2C morphants
Activated CaMK-II is found in both anterior and posterior regions of the
pronephric duct, cloacal cells, including cilia, at 30hpf, and it persists until 72hpf in
cloacal cells (Rothschild et al., 2011). Both CaMK-II and Kif2C morphants form
pronephric cysts and lose cloacal cilia at 72hpf. Previous studies in our lab using mass
spectrometry have demonstrated that CaMK-II (K43A) binds to Kinesin 13 in zebrafish
embryos at 72hpf (unpublished data). Because it is not known whether CaMK-II acts
upstream of Kinesin 13 or vice-versa, we first used the P-CaMK-II antibody in Kif2C
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morphants to determine any changes in activated CaMK-II. Control and Kif2C
morphants embryos were stained with P-CaMK-II, in red, and counterstained with
acetylated tubulin, in green. At 30hpf, when activated CaMK-II reaches its peaks in the
anterior and posterior regions of the pronephric duct and cloacal cells in control
embryos (Fig. 4.8A), Kif2C morphants have equivalent expression (Fig. 4.8B). At 48hpf
control (Fig. 4.8C) and Kif2C morphants (Fig. 4.8D) continue to show similar P-CaMK-II
expression patterns. At 72hpf, a few distal cloacal cells contain activated CaMK-II in
control embryos (Fig. 4.8E). In contrast, activated CaMK-II expression persists at 72hpf
in Kif2C morphants (Fig. 4.8F). Activated CaMK-II persists in the anterior pronephric
duct region (data not shown) and in the distal portion as well as the cloacal cells. These
findings suggest that Kif2C regulates the inactivation of CaMK-II in the pronephric duct
and cloaca.
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DISCUSSION

In this study, we demonstrated a role for Kif2C during zebrafish development.
Although Kinesin 13 members, particular Kif2C, have been extensively studied in
mammalian cells, unicellular protozoa, and invertebrates, its role during vertebrate
development had not yet been speculated. Kif2C knockdown phenotypes in zebrafish
embryos include loss of heart asymmetry, formation of pronephric cysts, and improper
otolith formation. These phenotypes are indicative of a ciliopathy. In fact, the KV,
pronephric duct, and the otolith vesicle, are ciliated organs. Therefore, the study
presented here implies a role for Kif2C in ciliated organs.

Zebrafish Kif2C gene is conserved among vertebrate species
Although I attempted to find two Kif2C genes, only one Kif2C gene is present in
zebrafish embryos. Alignment between the zebrafish Kif2C protein sequence and Kif2C
protein sequence from three other organisms, human, mouse, and frogs reveals a high
similarity in the motor domain region (72-95%), where ATP and tubulin binding domains
reside (Moores, 2006). Interestingly, Kif2C neck and C-terminal domain are not
conserved. Similarly, although CrKinesin-13, in Chlamydomonas, contains catalytic and
motor domain, it lacks the neck domain, which is essential for movement along the
microtubule lattices during mitosis (Piao et al., 2009). The neck domain is also not
conserved in the Leishmania (Blaineau et al., 2007), neither in Giardia species (Dawson
et al., 2007). The lack of conservation in the neck region between vertebrate species
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implies that Kif2C may need to be transported into the cilium as cargo and therefore,
depend on other Kinesin members.

Kif2C may regulate ciliary assembly and disassembly in the KV and cloaca
In the recent years, many molecular players and mechanisms underlying cilia
assembly have been discovered. In contrast, cilia disassembly remains poorly studied
and understood. Microtubules, which are composed of tubulin, are dynamic and highly
regulated structures. Ciliary tubulin is extensively modified by post-translational
mechanisms including acetylation, methylation, detyrosination, glutamylation, and
glycylation (Gaertig & Wloga, 2008). Cilia disassembly involves tubulin deacetylation
(Pugacheva, Jablonski, Hartman, Henske, & Golemis, 2007), ciliary protein methylation
(M. J. Schneider, Ulland, & Sloboda, 2008), and ubiquitination (K. Huang, Diener, &
Rosenbaum, 2009a). In fact, interaction of Aurora A and HEF1, causes phosphorylation
and activation of HDAC6, a tubulin deacetylase, resulting in ciliary disassembly
(Pugacheva et al., 2007).
Three Kinesin families are known to regulate microtubules dynamics by
depolymerization: Kinesin-8, -13, and -14 (Verhey et al., 2011). As previously
mentioned, studies in single-celled protozoa and algae have suggested roles for Kinesin
13 during flagellar assembly and disassembly. Particularly, in Chlamydomonas, RNAi
depletion of Kinesin 13 impairs flagella assembly, resulting in a 2-hour lag before
initiation of assembly. In cell culture overexpression of Kif2C leads to complete
depolymerization of microtubules (A. Moore & Wordeman, 2004). These findings
indicate that Kinesin 13 members could play a role during vertebrate ciliogenesis.
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In fact, my results demonstrate that Kif2C is important in cilia lengthening. Loss
of Kif2C, a known microtubule depolymerization protein, was predicted to cause an
increase in the length of cilia in the KV and in the cloaca. However, suppression of
Kif2C in zebrafish embryos resulted in shorter cilia length in the Kupffer’s vesicle and
decreased cilia number and length in cloacal cells at 72hpf. Shorter cilia may be the
result of defects in the ciliary assembly machinery similar to the effects seen upon
suppression of Kinesin 13 in Chlamydomonas. It is well known that tubulins undergo
constant turnover at the tip of the cilium (Avasthi & Marshall, 2011). Perhaps the
suppression of Kif2C also impairs depolymerization and stability at the tip of the cilium,
causing them to disassemble in the cloaca. Currently, we know many proteins that
affect ciliary length in vertebrates but we still face problems regarding how each of
these proteins contribute to such effect.
It will be interesting to determine whether other Kinesin 13 members, Kif2A,
Kif2B and Kif24, also play a role in zebrafish development. Our previous hypothesis was
based on the findings that Kinesin 13 overexpression shortens flagella and knockout
impairs cilia disassembly. However, the opposite seems to hold true in zebrafish
embryos. Knockdown of Kif2C shortens or causes absence of cilia. Perhaps,
vertebrates have evolved different mechanisms to depolymerize cilia.

Kif2C stands upstream of CaMK-II
Kif2C activity and localization is regulated by many protein kinases. Kif2C is a
target for Polo-kinase I (Plk1), Aurora A, Aurora B, and Cyclin-dependent kinase 1
(CDK1) (Tanenbaum et al., 2011). The best characterized of them is Aurora B, since it
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can phosphorylate Kif2C at several sites in the N-terminus and neck region
(Tanenbaum et al., 2011). Aurora-A and -B are negative regulators of Kif2C and
influence its ability to bind to other proteins, such as EB1, to promote microtubule
depolymerization. In contrast, Polo-kinase I phosphorylates Kif2C in vivo and promotes
its depolymerize activity (L. Zhang et al., 2011). CaMK-II also downregulates Kif2C
during spindle bipolar formation. Interestingly, through a mass spectrometry assay, the
Tombes lab found Kinesin 13 as CaMK-II binding partner in 72hpf zebrafish samples
(unpublished data). These findings, including the fact that Kif2C is highly regulated by
other protein kinases, led us to hypothesize that Kif2C was a downstream target of
CaMK-II. Contrary to this assumption, our results imply that Kif2C is actually regulating
CaMK-II. While control embryos have diminished P-CaMK-II at 72hpf, CaMK-II remains
strongly active in Kif2C morphants in the posterior pronephric duct and cloacal cells at
72hpf. These findings suggest that Kif2C regulates the inactivation of CaMK-II in the
pronephric duct and cloaca, possibly through interaction with a phosphatase. In fact,
phosphatase proteins have also been linked to ciliary defects in zebrafish (Clement,
Solnica-Krezel, & Gould, 2010).
Ca2+ flux through PKD2 channels activates CaMK-II in the zebrafish pronephric
duct and cloaca (Rothschild et al., 2011). Interestingly, Aurora A, a Kif2C kinase, is
abnormally expressed in kidney cells associated with PKD cysts (Plotnikova,
Pugacheva, & Golemis, 2011). In addition, suppression of Aurora A in PKD2 mutant cell
line increases the level of Ca2+. Therefore, it can be postulated that in normal zebrafish
kidney cells, Aurora A negatively regulates Kif2C, and maintains normal levels of Ca2+.
In the absence of Kif2C, Ca2+ levels are abundant and CaMK-II is upregulated. This

101
hypothesis can be tested in zebrafish embryos. In fact, it will be interesting to determine
whether Aurora A also has a role in zebrafish development and whether its absence
also causes kidney cysts and laterality defects.
Although several reports have demonstrated phenotypes related to shortening or
elongation of cilia in cell culture and vertebrate models, none of them have linked any
particular protein to microtubule depolymerization. This research presents a novel
finding involving a microtubule depolymerizing Kinesin, Kif2C, in zebrafish embryos in
ciliary tissues.
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FIGURES

Figure 4.1.1
Zebrafish Kif2C protein sequence.
(A) The Kinesin 13 protein, Kif2C, is characterized for the placement of the motor
domain, in red, in the middle region of the protein sequence as demonstrated below. (B)
The zebrafish Kif2C sequence was obtained through a search of the zebrafish genome
in Ensembl and NCBI. There is a single Kif2C gene in zebrafish encoding 689 amino
acids. The motor domain is demonstrated in red and it was based on previous findings
(Moores, 2006).
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Figure 4.1.2
Kif2C motor domain is well conserved among species.
Zebrafish Kif2C protein sequence was compared with human, mouse, and frog Kif2C
sequences using CLC sequence Viewer 6 program. As demonstrated in figure 4.1.1A,
Kif2C motor domain is found in the middle region of the protein. The motor domain is
72-95% conserved among these four species.
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Figure 4.2
Embryonic localization of Kif2C.
Kif2C probe contains ~600bp and was designed against a conserved sequence region
encoding the motor domain. Kif2C is ubiquitously expressed in early embryogenesis,
from “high” stage (4hpf) through the bud stages (10hpf). At 10 ss, Kif2C is expressed in
the KV region (arrow head), and its expression continues until the KV disassembles at
18 ss. At 24-, 48-, and 72hpf, Kif2C appears in the head region, including the otic
vesicle (arrow), throughout the trunk, and in the pronephric duct (outlined box).
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Figure 4.3
Kif2C is required for heart asymmetry establishment.
(Left) Cartoon image representing heart (purple) asymmetry at 24hpf. In wild type
embryos, the heart is present on the left side in 90% of embryos. (A) Heart asymmetry
was analyzed in embryos injected with 5ng, 6ng, and 7ng of a Kif2C splice blocking MO.
(B) Heart asymmetry observed in embryos injected with 3.5ng Kif2C translation blocking
MO. n=410 per condition.
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Figure 4.4
Overexpression of Kif2C causes developmental defects.
Kif2C overexpression causes developmental defects. Injection of Kif2C under the βactin promoter (pFRM2.1 vector) was lethal in 50% of the embryos. In addition, it
caused heart asymmetry defects in a concentration dependent manner in the remaining
embryos (A). Likewise, injection of Kif2C under sox17 promoter also causes loss of
heart asymmetry (B).
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Figure 4.5
Suppression of Kif2C induces ectopic otolith formation.
Otoliths are biomineralized structures that lay on sensory patches of cilia. Otolith
formation is essential for hearing and balance. Wild type embryos develop two otoliths
within the otic placode by 72hpf: a smaller (anterior) and larger (posterior) otolith. At
72hpf, 96% of control embryos developed in this fashion (A,C). In contrast, 20% of
embryos injected with Kif2C TMO developed two small otoliths (D), 33% two fused and
one small otolith (B,E), and 33% had an ectopic otolith (F) as demonstrated in the graph
(G).
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Figure 4.6
Suppression of Kif2C induces pronephric cyst formation.
Control (A,C) and Kif2C morphants (B,D) at 72hpf. Kif2C morphants develop pericardial
edema, and cysts (B,D, asterisk) at 72hpf. Vibratome sections (100µm) were stained
with propidium iodide and phalloidin to identify cysts within the glomerulus region.
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Figure 4.7.1
Kupffer’s vesicle cilia are shorter in Kif2C morphants.
To determine whether Kif2C suppression affects ciliogenesis, we labeled KV cilia with
an acetylated tubulin antibody (A,B). Injection of 3.5ng Ki2C translation blocking
morpholino led to KV cilia shortening. Control embryos exhibited an average of 3.85µM
cilia length, while Kif2C morphants exhibited an average cilia length of 3.25µM (C). An
average of 310 ciliated cells were counted within three different experiments.
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Figure 4.7.2
Suppression of Kif2C affects ciliogenesis in the cloaca.
(A,B) Pronephric ductal cilia appear normal in control and Kif2C morphants as shown by
acetylated tubulin immunostaining at 24hpf. Acetylated tubulin (green) and γ-tubulin
(red) show presence of cloacal cilia at 24- and 48hpf (C,D,E,F). In contrast, a loss of
cloacal cilia (green) but retention of the basal body (red) was observed in Kif2C
morphants at 72hpf (G-I). Cloacal cilia number and length (of remaining cilia) were
measured at 72hpf.
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Figure 4.8
Activated CaMK-II is continuous in Kif2C morphants.
(A, C, E) Control and (B, D, F) Kif2C morphants were labeled with P-CaMK-II and
counterstained with acetylated tubulin. At 30hpf and 48hpf control (A, C) and Kif2C MO
(B, D) have similar P-CaMK-II staining in the distal pronephric duct. P-CaMK-II is found
along the cells of the distal pronephric duct and cloaca. At 72hpf control embryos (E)
have few P-CaMK-II staining in the cloaca. In contrast, Kif2C morphants (F) have
continuous phospho CaMK-II staining along the distal pronephric duct and cloacal cells.
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Chapter 5: Final Discussion

In the past decades, zebrafish have emerged as a valuable model organism to
study and manipulate genes involved in many human diseases. In fact, through
investigations using zebrafish, scientists have advanced their understanding into
corresponding pathways of physiological diseases in humans, especially in regards to
the cardiovascular, hematopoietic, renal, neurologic and ophthalmologic systems
(Dooley and Zon, 2000; Lieschke and Currie, 2007).
Studies of CaMK-II genes in zebrafish began in the Tombes lab in 2005. In
zebrafish, CaMK-II is encoded by eight open reading frames from seven genes: α,
αKAP, β1, β2, δ1, δ2, γ1, and γ2 (Rothschild et al., 2007; 2009). Alternative splicing
within the variable domain gives rise to more than 25 CaMK-II isoforms in zebrafish
embryos (Rothschild et al., 2007; 2009; 2011). CaMK-II activity is minimal during the
first 10 hours of development, but it exponentially increases from the 12 somite stage
through 7dpf, when it eventually levels off (Rothschild et al., 2007). Consistent with
previous results, all seven genes are expressed in the developing nervous system
(Rothschild et al., 2007; 2009).
Morpholino knockdown of each zebrafish CaMK-II gene produces distinct and
interesting phenotypes, demonstrating the importance of this protein throughout
development (Francescatto et al., 2010; Rothschild et al., 2009; 2011). Suppression of
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β2 CaMK-II compromises the proper development of the zebrafish heart resulting in the
“heartstring” (linear heart) phenotype, which is accompanied by partial development of
the fins (Rothschild et al., 2009). In contrast, knockdown of β1- and γ1-CaMK-II interfere
with migration during gastrulation, especially convergent extension movement of cells
(data not shown). Moreover, suppression of γ1 CaMK-II has been implicated in the
development of ciliated tissues and organs, such as the zebrafish pronephros and the
inner ear within the otic vesicle (Rothschild et al. 2011, data not shown).
In this dissertation, I have also shown the importance of CaMK-II in the
establishment of organ laterality (LR axis) in the zebrafish embryo. Activated CaMK-II is
found specifically on the left side of the KV. CaMK-II is transiently activated in
approximately four interconnected cells along the anterior left wall of the KV between
the six- and 12-somite stages, following sustained Ca2+ elevations. Three CaMK-II
genes are important for LR establishment in zebrafish embryos, αKAP, β2, and γ1
(Francescatto et al., 2010). Suppression of these three CaMK-II genes causes
randomization of heart, brain, and other visceral organs across the left right axis. In
addition, knockdown of αKAP and γ1 CaMK-II results in the absence of spaw
expression in the left LPM, implying a role of CaMK-II in the induction or secretion of
Spaw expression. Although, we have attempted to test this hypothesis, our experiments
were unsuccessful. Interestingly, recent studies from our lab have also shown that
suppression of γ1 CaMK-II blocks secretion of processing of another developmental
morphogen known as DeltaD in the zebrafish inner ear (unpublished data). This finding
supports the role of CaMK-II in the regulation of protein secretion, potentially through
Synapsin I or synaptotagmin, known CaMK-II substrates.
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Another interesting phenotype observed in zebrafish embryos upon suppression
of CaMK-II genes, was their influence on cilia number and length in the KV
(Francescatto et al., 2010). In fact, cilia number and length are diminished in all three
morphants, also suggesting a role of CaMK-II in the process of ciliogenesis
(Francescatto et al., 2010). As previously mentioned, cilia formation and function are
critical components to the proper establishment of the left-right axis, as it generates a
nodal flow. To understand a role for CaMK-II in ciliogenesis, we searched for potential
downstream targets. A promising target was Kif2C, a member of the Kinesin 13 family.
Kif2C is expressed in zebrafish ciliated tissues, KV, otic vesicle, and pronephric duct.
Besides causing LR asymmetry defects, suppression of Kif2C induces pronephric cyst
and abnormal otolith formation, three phenotypes associated with improper ciliogenesis.
Our results indicate that Kif2C also influences CaMK-II, perhaps by enabling
inactivation. Activated CaMK-II is upregulated in the pronephric duct and cloacal cells of
Kif2C morphants.
This dissertation serves as base for many other interesting studies to be
performed in the zebrafish embryo. It will be interesting to identify other Kinesin 13
genes, Kif2A and Kif2B, and establish their link to CaMK-II, as well as Aurora A and B in
the development of the zebrafish embryo. In addition, future studies need to elucidate
the players necessary for ciliary disassembly in the KV and pronephric duct, potentially
whether Kinesin 8 and 14 play any of these roles.
All in all, I am happy to be a scientist and contribute to science. As Mark Twain
explains, to be a scientist is to discover: “What is there that confers the noblest delight?
What is that which swells a man's breast with pride above that which any other
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experience can bring to him? Discovery! “To know that you are walking where none
others have walked; that you are beholding what human eye has not seen before; that
you are breathing a virgin atmosphere. To give birth to an idea, to discover a great
thought -- an intellectual nugget, right under the dust of a field that many a brain-plough
had gone over before. To find a new planet, to invent a new hinge, to find a way to
make the lightning carry your messages. To be the first -- that is the idea (Twain, 1869).
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Appendix
APPENDIX A
1) Individual PCR fragments:
A: primers 1+2, spaw template; B: primers 3+4, GFP template; C: primers 5+6, spaw
template)
1 µl Pfu UltraII (Invitrogen)
5 µl 10x buffer
0.5 µl dNTP (20mM each)
1µl primer i (10 µM)
1 µl primer ii (10 µM)
0.5 µl template
41 µl water
PCR program:
1) 95°C 2min
2) 95°C 20s
3) 56°C 20s
4) 72°C 60s
5) goto 2) 35x
6) 72°C 3min
2) Splicing PCR
1 µl Pfu UltraII
5 µl 10x buffer
0.5 µl dNTP (20mM each)
2 µl template A
2 µl template B
2 µl template C
water to a total of 48 µl
PCR program:
1) 95°C 2min
2) 95°C 20s
3) 55°C 20s
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4) 72°C 60s
5) goto 2) 7x
After 7 cycles, add the primers:
1µl primer 1 (10 µM)
1 µl primer 6 (10 µM)
Complete the splicing with the following program
1) 95°C 20s
2) 68°C 20s
3) 72°C 60s
4) goto 1) 35x
5) 72°C 3min
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APPENDIX B
Synapsin I gene: Zebrafish Synapsin I gene was identified in chromosome 8 and it
contains 2001 nucleotides.
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A T GA A T T A C C T GCGA CGT CGA C T A T CGGA CA GT A A T T T CA T GT C CA A C T T GC C CA A T GGC T A CA T GGGCGA T C T C CA GCG

GC C CGA T C CGC CGCA GCA GA GC C CA GC C C CGGT GC T C T CGC C CGGC T C T CA GGA GA GGCGT CA A C C CGC C C C CA GC CA GT

C CA C CGGCGC CGGC T T C T T C T C C T C CA T T T CGA A CGC CGT CA A A CA GA C CA C CGC CGCGGC CGC CGC CA C C T T CA A CGA G

GC CA C CGA GA GA GGCA T CGGC T CGGGCA A T GC T A A A A T C C T C C T GGT CA T T GA CGA C CA GCA GA C CGA C T GGGCA A A GGT

GT T CA A A GGCA A A A A GGT T CA T GGT GA T T GT GA CA T CA A A GT A GA A CA GGC T GA T T T T T C T GA GGT GA A T C T GGT GGC T C

A T GCA A CGGGA A GC T A T A GT GT GGA T A T T GA GGC CA T C CGCA GT GGCA A CA A A A T CA CA A A GT GT A T CA A GC CA GA T T T T

GT GC T GGT GCGA CA GCA T GCGT T CA GT A T GGC CA A GA A CGGCGA C CA CA GGA A CA T T GT GA T T GGA C T T CA GT A T GC T GG

T C T GC CA A GT GT CA A C T C T C T T CA C T CA GT C T A CA A C T T C T GT GA CA A A C CA T GGGT GT T C T C T CA GT T GT C CA GA T T GT

A CA A GCA GT T GGGT C CA GA GGA GT T C C CA C T GA T CGA C CA GGT T T A C T A C C C CA A C CA CA A GGA GA T GA T T A C T A CA C C T

GGC T T T C C T GT GGT A GT GA A GA T GGGT CA T GC T CA T T C T GGCA T GGGA A A GGT CA A A GT A GA CA A T CA GT A T GA T T T C CA

A GA CA T T GC T A GT GT T GT GGC T T T GA CA A A GA CGT A T GC CA CA T C T GA GC C T T T T A T T GA T GC CA A GT A T GA CA T C CGA A

T C CA GA A A A T T GGGGA A A A T T A CA A GGC C T A CA T GA GGA CA T C CA T A T C T GGCA A C T GGA A GA C CA A CA CA GGA T CA GC C

A T GC T GGA GCA GGT GGC CA T GT C T GA CA GGT A T CGT A T GT GGGT GGA T GT GT GC T CGGA GGT C T T T GGGGGT C T CGA T A T

A T GCGC T GT T GA A GCA C T GCA T GGT A A A GA CGGT CGA GA T T A CA T A A T A GA GGT GGT GGGC T GC T CA A T GC C T C T GA T T G

GA GA C CA GCA GGA T GA GGA C CGGGC T C T CA T GGC T GA C C T T GT T GT GGC T A A A A T GA A CGA GA CA GT GC CA CGCA C T T CA

GC T C C CA C T A CA GT C CGT T C T CA GGGC C CA GC T GT T T C T C C T CA GC C CA T C T C T CA GT C T A GA GT C C CA CA GGCA CA A CA

GCGC C C T C C T C CA CA GGGA GGC C C T CA A CA A GC T GC T GC T A GCA C T GC T GC T A C C CGT CA A GGA GCA C CA C CA CA GCA GC

GGC C C T C T C C T CA A GGC CA GC C T C C T GC C CA A T C C CA GT C T GT GA C CA GC C C T A T T GC T CA GA A T C CA C C T GC T CA A CA A

C CGCGGC C CA A T CA A C CGC C C CA GCGA CA GGC CA GT CA A GGT T CA GCA GC T C CA CA GA GGC C T C C T GCA GCA CA GA T A C C

T GC T CA GCGT GGC T C T C C T CA GT CA CA GA GGCA A GGCGGA C C C CA A CA A GGT GGT C C T CA A A C T GGT GGT CA GA GT C C CA

A A C CA GC CGGT CA GC C C CA A CA GA GGC C T CA GCA GC CA A GA CA A GGC CA GC CA A C CA GGCA GC C T A C C CA GGGT GGC C CA

1
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CA GCA GA C C CA GGA CGC C C CA CA GC CA GC C C CGCA A GGCA GT C C T CGT C C T C C T A C CA CA CA A CA A C CA CGGC C T A C T GC

A C CGGGA CA GGGA GGC C CA GGA GGCA CA CGC C C T C C C T T GCA GCA GA A A C C C CA A C C T C CA CA GA A A C C CA GT C C T GA T C

A C C C T GC C T T GA GT GGA T CA C CGCA GC T T A A CA A A T C C CA GT C T C T T A C CA A T A CA T T CA A CA T T C CA GA A A CGC CGGC C

GC C CA GCA C CA A A GT C C T A GT CA GGA CGA A GC CA A GGC T GA GA C CA T C CGCA A C C T T CGGA A A T C C T T T GCA A GC C T C T T

C T C CGT GGA A T A A

2
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APPENDIX C
Zebrafish Kif2C nucleotide sequence.
One Kif2C gene was identified in chromosome 2. Kif2C contains 2103 nucleotides that
encode for 701 amino acids.
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A T GGA C C C CGC T T T GT CGA A A C T T C T T A T T GGA C T T GC T GT C A A C A T A A GT CGT A GT GA T GGA A GA A T A C A C A GCGC T A T

T GT GA A A A C T GC C A A CGT C T C T A A A T C C A C T GT GA A T GT A GA A T GGGC T GA GC A T GGT A T GA C T A A A GGA A A A GA GGT T G

A C A T GA A T GA A C T C A A T C A T C T C A A T T C T GA C C T T A T A C A A C A C C T T C A A C C A T GT C A T C A GGA GGA A C C T GC A C C C A C C

C C T A T T C CGA C A C C A A T GA C A CGA A T GA C A A A A A GT GT C A A A GC A T C A GA A C T T C C T T T A A GGT C A T C A A GA A T A C C T A C

T A C A T C A GA A C C T GC T C C T CGGGA T T GT C C A T C T GA A GA GC C A GC T T C A A GA A GA A T GA C C A CGCGT C A GA CGT GT T T GT

T C A GA C A A C C T GC C C C T C C A C C T GT GGT C T CGGC A T C T T C T GC A GA T GA T GT T C T C T C A C A GA A T C T T C C C T C A T C T A CG

A T C C C T A A A C A T T C A GGC T A C C A GA GGA GA C T T C T T T C A A A A C C A GC T T C T C C A C T GC T A C C A T C C A C T GA GGC T A T A T G

T GA GA GT GA GGC T T C C A A A T GT GC C C C C A T GGGT C CGC C A A GC C A T CGC A T GT C C C A GGT C T CGGA GA C C A A T A A GGT GG

C A A A C A A A CGA T T GT C A A T A GC A A A A A T GC C T GA T GC A C A GA A GA GA GGA A A GT T T GGA GA A A CGA A T CGA T C T A A GC A G

T T T T A C C A GA T GA T T GA GGA A T A C A GA GA GA C T GT GC A GA A A GT A C C C A T GT C C C T GT CGGA T C C A GT C A A A A C T C A C CG

A A T T T GT GT C T GCGT T CGC A A A CGA C C A C T GA A T A A A A A A GA GT T GGC A A A GA A A GA GA T T GA T GT GGT GA C A A T C C C T G

GT A A T GGA GT C C T A C T A C T GC A T GA GC C C A A GC A GA A A GT GGA T C T A A C C A A GT A C C T GGA GA A T C A GA C C T T C C A T T T T

GA T T A C T C A T T T GA T GA A GA CGC C A C A A A T GA C T T GGT A T A C A GGT T C A C A GC T A A A C C A C T GGT T A A GA C C A T T T T CGA

A GGT GGT A T GGC A A CGT GC T T T GC T T A T GGC C A A A C A GGC A GT GGA A A GA C C C A T A C T A T GGGT GGA GA C T T T T C T GGA A

A A A GC C A A A A C A GC T C T A A A GGGA T T T A CGC C C T GGC A GC A C A GGA T GT A T T T A C C C T C C T A A GGC A A A A A CGA T A T GT G

GA T A T GGA C C T GT GC C C A T A T GT C A C C T T T T T CGA A A T C T A C A A T GGC A A GGT T T T T GA C T T GC T GA A T A A GA A A A C A A A

GC T GCGT GT T T T GGA GGA T GA GA A GC A A C A GGT C A A T GT T GT T GGC C T GC A GGA A GT GC C T GT GT C A T GT GT T GA T GA T G

T C A T C A A GA T GA T T GA GA GA GGA A GT GC A T GC A GA A C A T C T GGC C A A A CGT T T GC T A A T GC C A GC T C A T C A CGC T CGC A T

GCGA T T T T A C A A GT A A T C C T GA GA CGA CGGA A C T T T C T C T A T GGGA A A T T C T C A C T GGT GGA T C T T GC T GGGA A T GA A CG

CGGC A C T GA T GT C A GC A GC A A CGA T CGGC A C A C A A T A GT GGA GA C CGC T GA GA T C A A C CGC A GC T T A C T GGC T T T GA A GG

A A T GC A T C CGGT C T C T T GGT C A A A A C A GCGA GC A C A T C C C A T T T A GGA T GA GC A A A C T GA C C C A GGT GC T T CGGGA C T C C
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T T C A T T GGT GA A A A C T C C CGGA C C T GT A T GA T CGC T A T GA T C T C A C C T GGC A T GA GC T C T T GT GA A T A C A C T C T GA A T A C

A C T A CGC T A T GC A A A C A GGGT GA A A GA A C T GA A T GGA A T C T C C A A GGGT GA T GC T GT GGA A A A T GGT T C A A A A C T GGA A C

T T T C T GA GGA GGGA A A C T C C T C A GA A GA GGA GA C T GT C C T GC C A GA GT T T GA GGC T A T A T C C CGA GT GT C T GA GA T GGA A

GA GA GGT T T T A T GA A GA A T T GA A GGGT T GC A GT GA GGT T GC C A A A T C T A T GGA GC T T C C A T CGT T T GA C A T A GT A GC A A A

T T T A T C A A A C A T T GA C T C A T T C A T GA GGA A GC T GC A A GA GT C T T A C C A GGC T T T GA GA T C A GC T A T T GA A GC A GA A C A GA

GGGT C A GA A T GT C A C C A A A C T A A
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